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SUMMARY

The Ground Runup Noise Suppression Final Report consists of three docu-
ments. The first document, Part 1, is an executive summary which provides a
brief, technical description and overview of the program conducted at the
Naval Ocean Systems Center (NOSC). The second document, Part 2, provides a
documented history of NOSC's participation in the Dry Jet Noise Suppression
Program. This document, Part 3, is a technical summary of the information and
data developed during the program.

Tﬁis report integrates predictive techniques, scale-model test results,
and full-scale test results for the new air-cooled noise suppressor technolo-
gy. ‘All program data are summarized to assist the architect/engineer in the
design of air-cooled noise suppressors. Included are aerothermal, aero~-
acoustic, and pressure data in addition to acoustic material life cycle infor-
mation. Cost/benefit techniques are included to aid in the selection of air-
cooled or water-cooled facilities based on operational reqpirenents.ﬁr
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PINAL REPORT — GROUNRD RUNUP NOISE SUPPRESSION PROGRAM

PART 3 — DRY SUPPRESSOR TECHNOLOGY BASE
I. INTRODUCTION

The Navy has developed a technology base for jet aircraft ground runup
‘noise suppressors using air-cooled exhaust. The Navy has applied the
technology primarily to full-scale aircraft acoustic enclosures (Hush Houses).
The technology is also applicable to gas turbine engine test cell design.
Scale-model tests and full-scale evaluations weré used to design four acoustic

enclosures and one demonstration exhaust section.

This report provides a summary of aerothermal/acoustic scale-model tests
and full-scale evaluations. Data from five design/construction programs and
problem-specific research efforts form the basis of this report. Data pre-
sented apply to air-cooled exhaust technology for full acoustic enclosures,
hybrid acoustic enclosures, and gas turbine engine test cells. The intention
of this document is to provide, in one place, the technology base, the source

documents which identify that technology base, and the scale-model test
hardware available for further research efforts.

The Navy supported development of two technologies for air-cooled jet
engine noise suppression. The augmenter tube technology uses a round or
obround tube of varying lengths lined with acoustic material. The Coanda/
refraction technology uses a curved surface vhere jet exhaust flow attaches to
the turning surface and noise separates at 90 degrees from the hot exhaust
gas. Acoustic absorption is achieved by lining a plenum which encloses the

curved surface.

The Naval Facilities Engineering Command (NAVFAC) led the development of
the augmenter tube technology. The augmenter tube technology has been tested
in Fleet operation at the Naval Air Station, Miramar. PFluidyne Engineering
Corporation, Bolt Beranek and Newman Incorporated, and Gustav Getter Associ-
ates performed analytical, scale-model, and full-scale design evaluations.




" 3 Q
ChAR S A SNSRI AR e OGRS I T TR AT L N9 oL

TAAS A Y
L » "‘_

e il 2 TS RN v\"\'&\""-..-w'.'ruq. ----- v, P

The Naval Air Engineering Center (NAEC) led the development of the
Coanda/refraction technology. The Coanda technology has not been tested in
Fleet operation. The Boeing Wichita Company performed analytical, scale-model
and full-scale demonstration unit design/construction efforts under the
direction of NAEC.

The Naval Ocean Systems Center (NOSC) served as an independent technical
evaluator of the two air-cooled suppressor technologies. Under an advanced

development research effort NOSC evaluated acoustical lining materials and
updated acoustic design considerations. The Navy Civil Engieering
Laboratory, Naval Regional Medical Center, San Diego, Naval Air Test Center
Patuxent River, Rohr Industries, Science Applications Inc, and Western Electro
Acoustics Laboratory performed research efforts under the direction of NOSC.
These efforts investigated suppressor unique noise environments, sonic/thermal
fatigue potential, and cost/risk considerations.

II. AUGMENTER TUBE TECHNOLOGY

The augmenter tube air-cooled dry exhaust technology was developed as
part of the Navy's Acoustical Enclosure (Hush House) Program. The efforts
included analytical, scale-model (1/15 scale) and full-scale evaluation of
aerothermal/acoustical parameters. Scale-model tests predicted subsequent
full-scale test results accurately. The augmenter tube data summarized in the

following pages are applicable to full aircraft enclosures or engine test cell
enclosures.

A. COMPONENTS

The augmenter tube is composed of five primary components. Figure
2-1 shows the augmenter tube attached to a full aircraft enclosure.

Bellmouth. The function of the bellmouth is to smooth the air flow
(augmented air) from the aircraft/engine enclosure into the augmenter tube.
This provides more efficient cooling of the engine exhaust gases.
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Figure 2-1. Cutaway — acoustical enclosure with augmenter tube.
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Augmenter Tube Shell. The augmenter tube shell provides the frame which
directs the hot exhaust flow and which houses the acoustic treatment which

attenuates the noise mixed in the exhaust flow. The tube is horizontal.

Acoustic Treatment Pillows. The acoustic treatment pillows are located

on the inside of the augmenter shell. The acoustic treatment lines the
augmenter shell and attenuates the noise in the exhaust flow. The acoustic
treatment consists of pillows of fibrous materials wrapped with stainless

steel mesh and fiberglass cloth and covered with corrugated, perforated metal
sheets.

45-Degree Ramp. The 45-degree ramp located at the exit end of the
augmenter tube is used to redirect the engine exhaust.
regeneration of noise.

The ramp also reduces

5. Porward Enclosure. The acoustical enclosure forward of the augmenter

tube must be designed to be compatible with the aerothermal/acoustic require-
ments of the augmenter tube. The movable doors forward of the enclosure are

designed to house a large turning vane input area for induction of augmented

air. The reinforced concrete wall of the enclosure is lined with an acoustic
absorbing material.

B. SUPPRESSOR DYNAMICS

The turbulent hot engine exhaust flow is cooled by mixing with the
induced augmented air while propagating down a 90-foot length of augmenter
tube. The acoustic energy in the flow propagates at 90 degrees to the exhaust
flow and impinges on the acoustic absorbing treatment lining the tube.

c. DESIGN CONSIDERATIONS

1. Overview.

Three principal design areas have direct applicability to
the augmenter tube air-cooled dry sound suppressor. First, augmenter pumping
(augmentation ratio) affects induction of air into the engine and secondary

air for augmenter tube cooling. Second, augmenter wall temperatures are
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related to augmenter pumping and jet impingement on the walls of the tubes.
Lastly, augmenter noise reduction design must consider the aerothermal
performance of the air-cooled suppressor. Based on aerodynamic,
thermodynamic, and acoustic scale-model test data (ref 1-4) and full-scale
test data (vef 5, 6), the following desig:{-relatod conclusions are reached:

a. By using the aircraft jet exhaust momentum flux directed into an
aupont'or tube, sufficient secondary air can be pumped to cool the exhaust of
an afterburning engine even without a subsonic diffuser on the augmenter exit
provided that the augmenter cross section is adequately laxrge and the flow

leaving the augmenter is not restricted.

b. At afterburning jet temperature conditions, the augmenter pumping
performance (augmentation ratio) varied little over the range of augmenter

length~diameter ratios tested, indicating that the augmenter length can be
chosen entirely on the basis of the required noise reduction.

c. The augmenter pumping performance did not vary significantly with

jet nozzle pressure ratio, the axial position of the nozzle exit, or augmenter
entrance (bellmouth) configuration.

1 Fluidyne Engineering Report, Aerodynamic and Acoustic Tests of a 1/15 Scale
Model Dry Cooled Jet Aircraft Runup Noise Suppression System, October 1975

2 Fluidyne Engineering Report, Reducing the Acoustic Treatment Exposure
Temperature in a Dry Cooled Augmenter During FP-14A Operation, December 1976 -

reproduced as NOSC TN 125, April 1977

3 Western Electro-Acoustic Laboratory Report, 1/15 Scale Model Testing of Dry

Cooled Jet Engine Noise Suppressor Using a Hot Jet Simulating the TFP-30-P-412
Fan Jet Engine, August 1980
4

Fluidyne Engineering Report, 1/15 Scale Cold Flow Model Tests of the
Patuxent River Hush House Configuration, December 1977

Naval Air BEngineering Center, report number NAEC-65ED-96, Experimental
Bvaluation of NAS Miramar Hush House (Project P~114), Pebruary 1976

6
Fluidyne Engineering Report, Aero-Thermo and Acoustical Data from the Post-
Construction Checkout of the Miramar #2 and El Toro Hush Houses, April 1979
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% d. At afterburning jet temperature conditions a hardwalled round
ﬁ non-absorptive augmenter pumps 10% less than an absorptive obround augmenter

e with the same cross-sectional area.
e. With the obround augmenter, moving the jet nozzle centerline
" laterally off the augmenter center or deflecting it toward the wall results in

= decreased pumping and elevated wall temperatures.

ﬂ} £f. The addition of a 45 degree exit ramp causes a small reduction in

pumping performance.

g. As long as a reasonable distance is maintained between the
aircraft exhaust nozzle exit and the augmenter entrance (x“/DAH = 0,33), there
will be no excess pumpdown of the nozzle base pressure inside the Hush House.

h. The acoustically absorptive augmenter configurations provided
greater noise reduction than the none absorptive augmenter using a vertical
stack with parallel baffles.

i. Hush House interior noise levels due to jet exhaust increase

significantly if thé distance between the jet nozzle exit and augmenter inlet
is increased above xN/DNT = 2,0, while the exterior exhaust noise levels

decrease as this distance increases.

j. Because of the large relocating temperature gradients in the
exhaust flow, the sound in the flow is diffracted toward the lined augmenter
wall, thereby resulting in much higher insertion loss than one would predict

- from simple duct theory.

k. The exit flow, characterized by its speed and velocity, generates

aerodynamic noise (self-noise) which places an upper limit on the actual in-
sertion loss achievable by the exhaust system.

s o d

CERY

S

1. The presence of an acoustical lining in the upstream end of the

augmenter results in a significant reduction in acoustical enclosure interior
noise due to jet exhaust.




)|

} B. The 45 degree ramp provides significant noise reduction.
n. A screen diffuser can provide measurable noise control.
0. Throttling devices 4o not aid noise control.

' p. A pressure/temperature rake located in the high velocity flow
acts as a noise generator.

q. There are optimal locations for exterior noise reduction due to

the placement of absorptively lined sections in the augmenter tube; positions

Lu-; from the center of the augmenter tube to the 45 degree ramp were most

_'i effective.

¥

+

43 r. An ineffectively designed .shaust turning vane system could

result in the generation of higher self-roise levels than the 45 degree ramp

system. A more effectively designed turning vane configuration used in
another model test indicated that turning vane generated noise can be reduced

bo‘
]
! to the same level as ramp generated noise.
4

s. Exhaust stack extensions used with the 45 degree ramp are
ineffective.

e

t. Exhaust stack extensions used with turning vanes are very
effective.

u. The exhaust stack flow distribution for the turning vane system
is more uniform than that for the 45 degree ramp. The packing effect is

minimized.

2. Initial Design Approach. The primary aim of this report section is
to provide information extracted from the model test data and full-scale
evaluation data in a form wvhich makes it useful for the design of a future
Bush House or makes it possible to predict the performance of an existing Hush
House with different aircraft installed. The following parts of this section
present an approach for suppressor design. The results are applied (as an
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example) to predict the performance of the NAS Miramar Hush House with the
P~-14A aircraft.

The application of empirically derived data to the design of a typical
sound-absorbing dry (air-cooled) augmenter for one or more aircraft types is a
trial and error procedure. One must predict augmenter cross-sectional sizes,
shapes, and lengths in terms of augmenter pumping, wall temperature, and
acoustic goals. A block diagram summarizing the augmenter design procedure is
presented in figure 2-2.

a. Augmenter Sizing for Flow Noise. The first step in the design
procedure is to find the augmenter cross-sectional shape of smallest area

which will (a) provide a low enough augmenter exit flow velocity so that the
noise created by the flow leaving the augmenter tube is not excessive, and (b)

avoid excessive wall temperatures (T = 900°F is acceptable).

wvall

To keep the noise generated by the augmenter exit flow within accept-
able limits, the ratio of augmenter cross-sectional arsa toc maximum jet nozzle
throat area must satisfy the criteria listed in table 2-1.

After determining the minimum augmenter cross-sectional area which
will satisfy the flow noise requirement, an augmenter cross-sectional shape
which best suits the various engine placements should be selected and various
cross-sectional sizes having areas equal to or greater than the noise related
minimum should be assumed. Using data for augmenter pumping ratio, nozzle
offset, nozzle pressure ratio, and wall temperatures, one must determine the
maximum augmenter wall temperature for each augmenter cross-sectional size
with the aircraft configuration and engine power setting identified as most
critical from an augmenter wall temperature standpoint. (If one aircraft type
to be accommodated had offset afterburning engines, such as the F-14, it would
be the likely aircraft to assume in calculating the augmenter wall tempera-
ture.) From the results of these considerations, it will be possible to

select the augmenter cross section of smallest area which meets both flow
noise and wall temperature limitations.

atem vt et e e T T LT T e e s e e e e e




CHOOSE AUGMENTER CROSS-SECTIONAL
AREA TO AVOID EXCESSIVE FLOW NOISE

Y

CHOOSE AUGMENTER CROSS-SECTIONAL SHAPE
WHICH FITS AIRCRAFT ENGINE ORIENTATIONS

i

L

ESTIMATE AUGMENTER WALL TEMPERATURE INCREASE A, AND/OR
. T o
TWALLpax < 800°F WALLyax > 800°F g::ygE X-SECT.
l L K}
ESTIMATE TOTAL HUSH HOUSE
AIR FLOW FOR AIR INLET SIZING
y
MAKE INITIAL CHOICE OF LINED AUGMENTER
LENGTH NEEDED FOR A PWL
ESTIMATE SPLR AT RECEIVE POSITION AND
COMPARE IT WITH CRITERIA, SPL¢
DECREASE INCREASE
SPLg - 3 < SPLq >SPLe [SPLR< SPLc- 3 LENGTH LENGTH
sPL < SPLg T

CHOOSE AUGMENTER LINER TYPE, AUGMENTER INLET
CONFIGURATION, AND OTHER DESIGN DETAILS

Figure 2-2. Block diagram of sugmenter design procedure.

Woise One Engine at Two Engines at
Criterion Max RPM Max RPM
at 2%0 f¢ AA/A“ AA/A“
93 am 18 16
a3 24 21
75 ama 30 26
[' vhere: A  is the augmenter cross-sectional area

sugnenter exit flow noise.

_ h is the jet nossle throat area neglecting
h throat area of idling engines

; Table 2-1. Ratio of augmenter cross-sectional area to
saxiswm jet nossle throat area required to avoid excessive
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b. Augmenter Pumping Ratio. Adequate augmenter pumping is essential in
full-scale dry cooled suppressor operation. Early analytical tests indicated

that mass flow ratios of six or more are feasible for a properly sized
augmenter.

The scale-model studies by Fluidyne Engineering Corporation (ref 1)
provide the primary basis for the following augmenter pumping results.

:

Y .

: (1) Summary of Test Results. Reference 1 test data were reduced
3

) to an augmentation ratio parameter, ARP, defined as follows:

W T
m,.E‘;';ESQx\/Tanbxw
N TN air

to facilitate correlation of augmenter pumping data.

APR ratios the equivalent pumped and primary flow momentum fluxes.
It has the advantage of being primarily configuration oriented,

having only a weak sensitivity to the temperature ratio, QT /T;mb'
N

Figure 2-3 contains a summary of augmenter pumping performance wherein
the augmentation ratio parameter, ARP, is plotted versus jet nozzle to ambient

i temperature ratio, TT /Tamb’ for a number of selected test configurations at
N

an augmenter length-diameter ratio of 6.0. It is apparent that a subsonic
diffuser on the downstream end of the augmenter increases pumping, whereas
changing from round to an A/R = 1.7 abround cross section reduces pumping.

Pumping performance does not appear to be sensitive to jet nozzle pressure
ratio AN

The consistent drop in augmentation ratio parameter with increasing jet
nogzle to ambient temperature ratio, TT /Tamb' shown in figure 2-3, is of
N

particular interest. While it is a secondary effect, it is nevertheless
larger than might have been expected on the basis of typical ejector per-
o’ formance data and is probably related to the low loss, high augmentation ratio

10
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Figure 2-3. Summary of augmenter pumping performance.
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situation which is characteristic of dry cooled augmenter installations. At
high jet nozzle to ambient temperature ratios, there is a significant exchange
of heat from the jet flow to the pumped flow in the mixing region. This in-
crease in the volume flow of the pumped flow requires that it accelerate,
producing an additional pressure drop, which must be overcome by the jet
momentum, and a resulting drop in pumping performance. When the ejector situ-
ation corresponds to a lower augmentation ratio and a higher pumped flow pres-
sure rise (higher loss), this additional pressure drop due to heat exchange is
smaller relative to the overall pressure rise required, and the drop in
pumping performance is correspondingly less. Although the augmentation ratio
parameter decreases with increasing jet temperature to pumped flow temperature

ratio, the augmentation ratio actually increases.

Augmenter length - diameter ratio is one of the geometric variables
influencing pumping performance. Figure 2-4 (for cases without subsonic
diffuser) and figure 2-5 (for cases with subsonic diffuser) present the
pumping performance as a function of augmenter length-diameter ratio, LA/D ’
over the range tested, Both figures show little change in pumping performance
above LA/DA = 6, but some decrease in performance as LA/DA is reduced below 6.

Although the T_ /T = 1.0 (T,, = 5000°R), test results show better pumping
TN amb TN

performance than at higher TT ; they also exhibit a greater decrease in
N

pumping as augmenter length-diameter ratio is reduced. This probably arises
because mixing progresses more rzpidly with the higher gas viscosity associ-
ated with high jet temperature and so is closer to completion at any given

distance from the nozzle exit. At TTN/Tamb = 6.6, the variation in pumping

performance is no greater than 10% over the range of LA/DA values tested.

A comparison of the data in figure 2-5 for an augmenter having an exit
subsonic diffuser with the data taken without diffuser (fig 2-4) shows an

increase of roughly 50% in ARP due to the diffuser at TT /Tamb = 6,6, A sub-
N

sonic diffuser area ratio of 2.0 gave about 7% better pumping performance than
one with AD/AA = 1,5,

12




ARP

AUGMENTER
SYMBOL | CONFIGURATION Aa/any | svmeoL | TTy/Tamb
(@) ROUND 10.2 O 1.0
A ROUND 24 o 6.8
(] ROUND 49 SYMBOL | Ay
o OBROUND WITH RAMP | 25 A 20
(Y, =048)
X 30

e e ey

Figure 2-4. Augmenter pumping performance vs augmenter length-diameter ratio-without

exit subsonic diffuser.
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Movement of the jet nozczle exit axially relative to the augmenter en-
trance showed no appreciable variation in pumping performance primarily
because the augmenter entrance area is 24 times larger than the jet nozzle
throat area.

have an appreciable influence (increase) on forward aircraft enclosure
interior noise.

The changes to pumping performance for different augmenter entrance

geometrics are tabulated below:

Inlet
Configuration APR @ TTN/Tanb = 1 APR @ TT“/Ta-b = 6.6

conical 3.30 2.51
rounded 3.43 2.50
sharp-edged 3.02 2.34
conical plus

throttle 3.05 2.41

As shown, these changes had a relatively small influence on pumping

performance.

During the aerothermal testing with the obround augmenter, the jet
centerline was moved laterally and vertically and also deflected relative to
the augmenter centerline. The jet nozzle orientations and the obround cross
section both had a significant effect on pumping performance, as is shown in
figure 2-6. Changing from a round to an aspect ratio 1.7 obround cross

T /T -
TN amb

section resulted in a 10% decrease in pumping ratio parameter at

4.6, AA/ANT = 25, Perhaps as much as half of this decrease is due to the
porous, sound-absorbing liner, which limits the rate of pressure rise.
jet centerline was moved off the centerline of the augmenter or deflected, a
reduction in pumping performance occurred. The data point at YP = 0.45 and

o, " 1* corresponds to the F-14A configuration. Most of the data shown in

figure 2-6 were with no augmenter exit ramp.

One point from full-scale

— R R - LA A e e I e N d
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Movement of the jet nozzle away from the augmenter entrance 4aid
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l"l'exi.t: ‘

based on a nominal augmenter pressure ratio, P

/P

Tsec
loss in total pressure through the forward enclosure inlet).

the essentially linear variation in augmentation ratio parameter with PT“ c/

Texi

-

Figure 2-8 shows

The scale-model and full-scale test results presented in this section are
e’ of 0.995 (2" ®

The slope of the linear variation is not a strong function of either
configuration, jet nozzle temperature ratio, or jet nozzle pressure ratio.
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Figure 2-7. Augmenter pumping performance vs jet nozzle pressure ratio for obround augmenter ,
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Figure 2-8. Augmenter pumping performance vs augmenter pressure ratio.
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A secondary inlet impact on augmenter pumping is calculated just as the
single primary inlet case is calculated except the total pumped air is the sum
of the primary intake and the secondary intake air. Reference 4 provides
details for design with a secondary air source.

(2) Pumping Performance. Using the data from model studies
presented in the previous section, this section summariszes the Fluidyne

Engineering Corporation (ref 1) calculation of augmenter pumping performance.
The augmenter pumping performance is of prime interest in two related areas:
predicting saximum augmenter wall temperature with a given combination of
aircraft engine and augmenter cross section and determining forward enclosure
inlet air flow for sizing the air inlet. Starting with the pumping perfor-
mance presented in the form of the augmentation ratio parameter, ARP

Anp o _RuMPed ,\/'a-b- X —n
W T v
N 'r“ air

'll being the jet nozzle flow rate which corresponds, in full scale, to

the aircraft exhaust flow rate waircr uft)' and 'l',r' and ww, being the jet

exhaust total temperature and molecular weight. This parameter was chosen
because the pressure rise sustainable by an ejector is related to the relative
momentum fluxes (mv) of the driving and secondary flows at the entrance to the
mixing section (augmenter). For given expansion ratios, the momentum flux of
each flow is proportional to vao. Since the speed of sound, ‘o' is propor-
tional to mw, the augmentation ratio parameter is proportional to the ratio of
pumped flow momentum flux to jet nozzle flow momentum flux. Calculation of
pumped air flow is simple, once this parameter is known for a particular case.
Accordingly, figures 2-9 - 2-12 have been constructed from the available test
data to make possible predictions of pumped air flow and, subsequently,
augmenter wall temperature.

Figure 2-9 presents augmentation ratio parameter versus augmenter cross-~
sectional area to jet nozzle throat area for a variety of configurations with-
out a subsonic diffuser. It is limited to cases in which the nozzle is
centsred in the augmenter and undeflected and the jet nozzle total temperature

Te]
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Figure 2-9. Augmenter pumping performance vs augmenter to jet nozzie throat area ratio for cases
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Figure 2-11. Influence of jet nozzle to ambient temperature ratio on augmenter pumping performance.
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and pumped air (ambient) temperature are equal. Since model test data show no
appreciable influence of jet nozzle pressure ratio on augmentation ratio para-
meter, it can be assumed that these curves are valid for most engines, without
regard to nozzle pressure ratio. In figure 2-9, curves are presented for aug-
menter pressure ratios of both 1.000 and 0.995 (1.000 corresponds to zero Hush
House pressure depression, while 0.995 would correspond to roughly 2" Hzo
total pressure loss). Thig figure also shows a small reduction in augmenta-
tion ratio parameter due to the addition of the 45 degree deflector ramp.

Such a ramp has been a feature of Hush House degsigns because it deflects both
the flow and the noise upward without unduly penalizing augmenter pumping
performance. Any major alterations to this basic configuration would have to
be studied carefully to make sure that they did not increase the augmenter

exit backpressure and cause a large reduction in cooling air pumping.

Although Hush House augmenters do not typically require an exit subsonic
diffuser for adequate pumping performance, the influence of a subsonic dif-
fuser is presented for information. This is shown in figure 2-10 as the ratio

of mwith diffuser/mw /odiffuser = Kdiff' This information would be useful
in case a vertical stack with baffles were to be added to an absorptive aug-
menter to increase noise reduction. Such an addition would tend to increase

the augmenter backpressure (P,r ¢ P amb) and reduce pumping. A subsonic

exit
diffuser might be required to restore adequate cooling air pumping. To prop-
erly estimate the augmentation ratio parameter for a configuration having a
diffuser, the correction to figure 2-9 values for the diffuser must be applied
before adding the succeeding corrections discussed in the following two
paragraphs.

Figure 2-11 concerns the same configurations as figures 2-9 and 2-10, and
provides a correction to the augmentation ratio parameter for jet nozzle total

temperature, TT + higher than the pumped air temperature, T amb * This is
N

observed in every full-scale instance. Figure 2-12 provides an additional
correction usable when the jet nozzle is off center in the augmenter or
deflected. It was developed from the obround augmenter test results. Figure
2-11 shows a decrease in augmentation ratio parameter with increasing jet

24




- /B e e e e S N M I e v
'.- ~. — . e e Yo R | P - - » - -

nozzle to ambient temperature ratio. By virtue of the definition of the
augmentation ratio parameter, however, the actual augmentation ratio will
increase with increasing jet temperature, as illustrated in figure 2-13 for
the case of an obround absorptive augmenter with ramp, AA/ANT = 24, having a

centered jet and with P, /P = 0.9975.
T T
sec exit

/— AUGMENTATION RATIO

: 6 ——
o -
: 1
. 5 7
: AUGMENTATION A
% RATIO s
Woumpen 4 A
- w
- N / /T-ARP
- 3 ~
3 AUGMENTATION
: RATIO
- PARAMETER 2
ARP

.E
i' 1

0

1 2 3 4 5 6 7 8

Ty /T
T\ Tame

(JET NOZZLE TOTAL TEMPERATURE/AMBIENT TEMPERATURE)

Figure 2-13. Augmentation ratio and augmentation ratio parameter vs jet nozzle stagnation
temperature to ambient temperature ratio.

To estimate the augmentation ratio parameter for an arbitrary engine con-

figuration, the augmentation ratio parameter from figure 2-9 is corrected as

follows, using figures 2-10, 2-11, and 2-12.

:_- APR =[{APR x Kdiff' + AARP + AARP

- fig fig fig fig

3 2-9 2~-10 2=-11 2-12

b

4

. Using the chosen range of pressure ratios (P'rsec/PTexit) , one can obtain
[ APR values as a function of nozzle temperature ratios (TT /T amb)' The pumped
s N

K air flow rate and total inlet air flow rate can be calculated for each

fj augmenter pressure ratio case.

Lond
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TTN mwamb
W = x APR X x
pumped “N \vTamb m,
TT“ mwamb
=WNxT xm x APR
amb "N

=W + W
then winlet pumped N
Since most applications of dry augmenter design have an inlet ratio equal
to the augmenter pressure ratio, one can plot inlet characteristic and aug-

menter pumping performance on the same curve. The crossing point for the two

curves is the operating point for the assumed configuration.

c. Wall Temperature Distributions. Augmenter wall temperatures are
a function of augmenter geometry, pumping ratio, and jet flow impingement
E: angle. The scale-model studies by Fluidyne Engineering Corporation (ref 1, 2)
. provide the primary basis for the following wall temperature results. This

report only summarizes the scale-model and full-scale (ref 5, 6) measured
data.

(1) Summary of Test Results. The augmenter cross section survey

results presented in reference 1 indicate that, with lateral translation or
deflection of the jet nozzle centerline relative to the obround augmenter

centerline, the jet tended to be carried to the augmenter sidewall.

The results of this tendency are graphically illustrated in figure
2-14, which shows the longitudinal distributior of augmenter wall temperature

parameter, Twall , for a number of different lateral nozzle centerline loca-

tions and deflections. The data in the figure indicate unexpectedly high
augmenter sidewall temperatures for a lateral offset and deflection repre-
sentative of the P-14A aircraft configuration Yp = 0.45, ag = 1°). Similar
top and bottam wall data show appreciable jet impingement effects when the jet

is deflected vertically. Figure 2~14 shows, for example, that the orientation
corresponding to the F-14A (Yp = 0.45, a, = 1°) results in over 100% greater

maximum wall temperature parameter than for the centered, undeflected jet.

\
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Figure 2-14. Longitudinal sidewall temperature distribution vs jet nozzle iateral position and deflection
for obround augmenters.

Additional obround augmenter sidewall temperature data were obtained to
determine the influence of the augmenter exit ramp.and the influence of jet
nozzle total temperature and pressure ratio on wall temperature. Figure 2-1S
shows the distribution of sidewall temperature parameter at AN = 2,0 with and

without ramp for nozzle total tempera*ures of 2300°R and 3300°R ('rT /Tans 4.6
N

and 6.6). The data show a slightly lower maximum wall temperature parameter at

‘l',r = 3300°R than at 2300°R (which is due to a slightly mixed temperature
N

parameter, and a slight increase in maximum wall temperature when the ramp is
added because of the reduction in pumped air).
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Figure 2-15. Longitudinal sidewall temperature distribution for the obround augmenter with and
& without the exit ramp and at different jet nozzle to ambient temperature ratios.

8 The effects of jet nozzle pressure ratio on the sidewall temperature

parameter with the offset jet (Yp = 0.45, as = 0°) appear in figure 2-16.
Operation at XN = 3.0 rather than 2.0 greatly reduces the extent of jet im- ‘}

roTrTTrTT

pingement on the augmenter sidewall. Thisg is to be expected on the basis of
the augmenter cross section results wherein the higher pressure ratio offset

Jet was not carried closer to the sidewall.

v e——y

T

Pigure 2-17 contains wall temperature parameter data for different aug-
menter length-diameter ratios. These data indicate that, within the accuracy

28




- obtainable, augmenter length-diameter ratio has little effact on the
i longitudinal wall temperature distribution.

. (2) Maximum Augmenter Wall Temperature. 'When the jet is

centered in the augmenter and aligned, the high temperature core of the mixing
jet is insulated from the augmenter walls by the colder pumped flow. On the
other hand, if the jet centerline is moved closer to one wall or is angled

. e e
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toward the wall, there is a tendency for the hot mixing regions to impinge on
the augmenter wall. This is illustrated in figure 2-18, which shows the
relationship between the hot jet centerline temperature and the wall temper-
ature for two nozzle position cases.

Basically, two things determine the maximum wall temperature: (1) the
relative amount of ambient air pumped through the augmenter (which determines
the mixed average temperature of the jet flow and pumped flow), and (2) the
degree of jet exhaust flow impingement on the augmenter wall. Figures 2-19,
2-20, and 2-21 have, therefore, been provided to make possible either the
prediction of maximum augmenter wall temperatures for an arbitrary combination
of aircraft and augmenter or the design of an augmenter to avoid overheating
with a given aircraft. Figure 2-19 presents the mixed average temperature

parameter as a function of 'I'T /T amb and augmentation ratio parameter.
N

R JET CENTERLINE
‘\[ TOTAL TEMPERATURE

N\

\ MAXIMUM AUGMENTER WALL
TEMPERATURE WITH OFFSET,
DEFLECTED JET

T°R
‘
\ -
1000 e

—= /

N MAXIMUM AUGMENTER WALL
TEMPERATURE WITH CENTERED,
0 __ALIGNED JET

ENTRANCE Xa EXIT

(AXIAL DISTANCE FROM AUGMENTER ENTRANCE)

Figure 2-18. Relationship between the jet temperature and the augmenter
wall temperature.

Pigures 2-20 and 2-21 give the maximum wall temperature parameter as
a function of jet nozzle orientation in relation to the mixed average tempera-
ture parameter. To simplify the use of these curves, the mixed temperature
and corresponding augmentation ratio parameter are to be determined for the
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Figure 2-19. Calculated variation of mixed average temperature parameter with jet
nozzle to ambient temperature ratio parameter.

case with the engine exhaust centered in the augmenter and undeflected, giving

A e ag aie

the resulting form of the presentation

b g

Twall max

—R

Tmix

P jet = centered

R —

R &

T -7
where T wall max amb

wall la.xp TT - Tanb

s 4

Tanb (exhaust jet
-r‘ ix = 3 e centered and

Pyt centers N anb undeflected)
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Figure 2-21. Variation of maximum wall temperature with lateral and vertical
jet nozzle deflection.

To apply these curves, the applicable curves in figures 2-9, 2-10, and
2-11 are used to get the augmentation ratio parameter for the centered,

undeflected exhaust. In design calculations, one will probably assume an
augmenter pressure ratio of

P
T
868C

Toxit

™ Ry

——

which typically corresponds to a Hush House static pressure depression of
2" llzo. Next, figure 2-19 is applied to find the mixed temperature parameters
T mix’ The curves in figure 2-19 were calculated from conversion of energy
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relationships assuming values of exhaust specific heat which were reasonable
at each 'I‘,r u/g'b level. Pinally, figure 2-20 or 2-21 are used to determine

the ratio
Twall max
' Toix °0
IS P(jet centered)
from which 'r“n -.xp and '1““11 max can be calculated.

1

d. Jet Nozzle Base Pressure. Scale-model test measurements

(ref 1) were made to datermine how the base pressure is affected by the total
suppressor enviromment. Because of the nozzle "boattail®™ configuration, the
base pressure was significantly below ambient pressure.

P

;!5- = .996 for all A, and T_ conditions.
amb N

A base pressure parameter, PNB + is defined to show how the base

pressure pump-down with the jet inside a Bush House would compare to the
pump~down during out-of-doors (free-field) operation.

(Pup ~ Pinterior’ = Pyp " Pamd’
18 Pm = P
ii P amb
“ (. ~P ) - (P, - P
- NB BE v ith augmenter NB n’jet survey
P

when an aircraft is placed in a Hush House, the Hush House interior
pressure becomes, in effect, a different reference ambient pressure. A base
pressure parameter of ~-0.0005, for example, would imply that the nozzle base
pressure in the Hush House enviromment is 2" H_O lower, relative to this new

2
reference ambient pressure, than the free-field base pressure relative to

& -:WX ;'f-' S

LAR RS o8 51

2 O

barometric pressure. Figure 2-22 presents the base pressure parameter plotted
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Figure 2-22. Nozzle base pressure parameter vs jet nozzle to ambient temperature
ratio for various augmenter configurations.

versus jet nozzle to ambient temperature ratio for a variety of test configu-

rations with a typical military engine nozzle exit to augmenter entrance spac-

o ing configuration. The data show little excess nozzle base pump-down for

most configurations when the jet nozzle to ambient temperature ratio, T'r /T ,
N

corresponds to military or afterburning power. The pump-down increases with
b
' the increased pumped flow associated with the addition of a subsonic diffuser.
A very small pump~-down is apparent with the obround augmenter, which implies ]
that the nozzle base pressure with Hush FHouse operation will bear the same i
relationship to the Hush House interior pressure as the free-field operation 1
«1
!
|
1
{
%

-5

base pressure does to barometric pressure.
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Figure 2-23 shows the influence of nozzle exit to augmenter spacing on
base pressure parameter. As the jet nozzle exit is moved very close to the
augmenter entrance, the base pressure is influenced more and more by reduced
static pressures in the pumped flow entering the augmenter, and the base pres-
sure parameter becomes mores and more negative. At large. spacings between the

nozzle exit and augmenter entrance, on the other hard, the situation at the

nozzle base approaches the free field situation and Pn = 0 within the mea-

) o4
surement accuracy.

The base pressure parameter shows little excess pump-down for configura-
tions typical of Hush House installation with normal engine operating con-
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Figure 2-23. Nozzle base pressure parameter vs jet nozzle exit to augmenter
entrance spacing parameter.
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e. Acoustical Design. This section presents a method for predicting

the sound power level (PWL) of exhaust noise (in octave bands) radiated from
the augmenter exit of any prospective "Hush House" design. This prediction
procedure, which is based on measurements made during scale-model experiments

(ref 1), enables one to estimate:

® The octave-band sound power level spectra of jets of various
diameters, pressure ratios, and temperatures.

e The differences in radiated sound power level as a function of
frequency among lined augmenter tubes of different lengths, diameters, and
lining depths (thicknesses).

® The octave-band sound pressure level (SPL) of the exhaust noise
at various distances from the exit.

® The octave-band sound power level of interior noise attributable
to the exhaust.

The lining consists of a thin porous layer with partitioned airspace be-
hind. This configuration must be designed to optimize the low frequency
attenuation of the augmenter for a chosen geometry. The considerations of
lining material are discussed more fully in the Final Design Considerations
section further along in this text. Careful consideration must be given to

choice of specific flow resistances of lining material.

The basic design concept of a lined augmenter tube, to attenuate jet
exhaust noise to meet typical community noise criteria, is considered to be
ger.zrally applicable to modern-day military jet engines with afterburner.
However, if the noise output or the community noise criteria strongly differ
from these typical values, then a redesign of the liner yielding more

effective use of space and materials may be called for.

(1) Prediction of Jet Sound Power Level Spectra. The PWL spec-

tra of various aircraft are usually available either from the manufacturer or
from the envirommental noise groups. 1I1f unavailable, the PWL spectrum of an
engine is estimated by using the procedure outlined below. It is recommended
that estimates based on the following procedure be compared to measured
levels. To be conservative, use the higher of these two levels as a design

guide.
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° Calculate from equation below the upward shift (PWLB) of the
sound power level spectrum shown in figure 2-24.

o shift the "normalized PWL" curve in figure 2-24 vertically
by the dB amount calculated.

] Establish full-scale frequencies by shifting to the right
the model-scale by the factor 0.36 DN' where D N is the full-gcale nozzle
diameter in inches.

= A -
ms 20 log (DN) + 20 log (TT ) + 30N109 ( N) 63

160 r v 1 11T 177 17 rrrrrrrrr
[_ -
180 |— -
5
°
e 40— -
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g .
W
-
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zZ .
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[ ]
w
>
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Figure 2-24. Normalized octave band PWL spectrum.
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where TT is the jet nozzle total temperature in degrees (°) Rankin
N

and.ku is the jet nozzle pressure ratio.

(2) Augmenter Attenuation. Before considering the attenuation

characteristics of the lined augmenter, one must first check that the open
cross section is of sufficient area that the exit velocity of the exhaust flow
is minimized to the point at which self-noise levels are low enough to meet
the noise criteria. We recommend that, until more accurate design information
becomes availaﬁle, the initial cross section be chosen so that the exit
velocities listed in table 2-2 are not exceeded. The average exit velocity
can be calculated from the total facility mass flow, the mixed average exhaust
temperature, and the augmenter cross-sectional area. In listing the maximum
velocities, we further assumed that the ratio of maximum to average velocity
is 2.4. The attenuation provided by the augmenter (APWL), depends in a
camplex manner on a variety of parameters. Baseline data (APWLO) are provided
in figures 2-25 and 2-26 for a range of pressure ratios (XN) and total

temperatures (TT ). These data were obtained during 1/15 scale-model tests
N

with a single augmenter effective duct diameter of 12.5 inches, a duct length

Maximum Permissible Velocity

Criteria (fps)
At 140 ft

(aBA) v;lnix max vAV

75 360 150

80 440 180

85 530 220

90 640 265

95 775 320

Table 2-2. Maximum exit flow velocity to meet noise
criteria at 140 ft from the exhaust box.
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of 72 inches, a ramp of 45 degrees, and an axial distance (XN) of 4 inches
between the jet nozzle exit and the augmenter entrance. The obround augmenter
was used with the nozzle in the offset position (Yp = 0.45). To the APWLO
obtained from figure 2-25 or 2-26, one must add incremental attenuations that
account for changes in lined augmenter length (APWL1), augmenter diameter
(APWLz), axial and radial positions of the engine within the augmenter inlet
(APWL3 and APWL4), and angular alignment (APWLS). Methods for estimating
these corrections are given below. The final estimate of augmenter

attenuation is the sum of the components:
FULL-SCALE ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

316 63 126 260 500 1000
N N D N B I O D R
50 |— —
s —
g
~— 30 ——
° [
F4
g - -
20— —
- -
10— A 2300 .
O 3300
0 T T I T O I O e
315 630 1250 2600 5000 10000 20,000

MODEL-SCALE ONE-THIRD OCTAVE BAND CENTER FREQUENCY (Hz)

Figure 2-25. PWL,, for 72-inch-long BBN model augmenter for Ay = 2.
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LINED AUGMENTER LENGTH
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A 9 120 35.0
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Figure 2-27, Correction to A PWL for different augmenter lengths.
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APWL = APWLb + APWL1 + APWLz + APWL3 + APWL4 + APWLS.
(3) Augmenter Length. The baseline data (APWLO) are presented for
a model augmenter tube length of 72 inches. 1In figure 2-27 is shown a

correction, APWL to the attenuation provided by the baseline augmenter for

1'
dimensionless augmenter lengths of 17.5 and 35.0 - ie, ratios of augmenter

for intermediate lengths can be

length to nozzle diameter (LA/DN)' APWL1

determined by interpolation.

et i e

JLNRS G

(4) Augmenter Diameter. All lined augmenter configurations tested

had the same cross-sectional dimensions, corresponding in mcdel scale to the

Miramar Hush House augmenter. The dimensionless ratio of the equivalent
diameter of the augmenter cross section (DA) and the nozzle diameter (DN) for

all the test runs was 4.54. No other augmenter diameters were tested, so the

el

corrections (APWLz) for augmenter diameter suggested here are based on theo-
retical considerations. The analytical models from which they were derived
ignored the effects of velocity and temperature gradients and so should be
j? used to account for small variations in the dimensionless effective augmenter
él length.

- At low frequencies, frequencies at which the wavelength of sound in the
augnenter tube is large compared to the transverse dimensions of the augmenter
F tube, the correction APWL

augmenter is

2 for a change in the effective diameter of the

a1

-l .

nD
AM
APWL2 = APWHO ( ) - )

A

where DAH is the effective diameter of the augmenter tube in the model (12

inches) and n is the linear scale factor for the augmenter being designed.

J T

Y e

e

At high frequencies, frequencies at which the wavelength is smaller than
the transverse dimensions of the duct, the correction for the effective

diameter of the augmenter tube is

O aﬁr-.'ﬂ‘v.';.;&t-:-
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A rough estimate of the change in augmenter attenuation with diameter can
be synthesized from these two relations by using the first of the above
equations for full-scale frequencies that are leas than c/DA and the second
for full-scale frequencies that are greater than 10c/DA. The correction at

IPIEX TN WTWTOURY WC WRRT

intermediate frequencies should be faired to provide a smooth progression

between the two extreme values.

Bisdlolinnat

(5) Nozzle Position. The correction (APWL3) for three

d variations in the axial position of the nozzle is presented in figure 2-28; a !
3 correction (APWL4) for centering the nozzle on the longitudinal axis of the
f augnenter is provided in figure 2-29. The corrections for 1 and 3-degree
: angular misalignments are given in table 2-3.
.
h.
Octave-Band Center Frequency (Hz)
p 31 63 125 250 500 1000 2000 4000 8000
g WL, for 1°[ 0 0 0 -1 -2 -2 -2 =2 0
§ ML, for 3°| 0 0 0 -4 -4 -4 -4 -4 0

Table 2-3. Corrections for angular alignments.

(6) Augmenter Lining. The open cross-sectional area of the aug-

menter tube must be chosen to satisfy pumping requirements along with wall
temperature and self-noise limitations. The capability of the augmenter to

h
L
b

- Y BT oo v T

attenuate the noise of the engine under test is determined by the type of
digsipative lining used and by the length of the lined augmenter. Practi-

vy

cally all linings that provide a high degree of sound absorption in the entire
frequency range of interest will yield high sound attenuation. This high
absorption coefficient can be achieved either by f£filling the entire lining

depth with a porous sound absorbing material or by concentrating near the

augmenter wall a relatively thin layer of porous material backed by an
airspace.
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Figure 2-28. Correction to A PWL for different jet nozzle axial positions.
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The lowest frequency at which substantial attenuation is achievable
is determined by the total thickness of the lining (including the porous layer
and the airspace bshind). A reasonable choice is to have the average thick-
ness of the lining correspond to 1/6 wavelength at room temperature for the
lowest frequency of interest.

The thin porous lining backed by an airspace provides better low
frequency attenuation than the "fully packed" lining. As a practical rule,
the lining thickness should be between 4 and 12 inches and the total flow
resistance should be in the range of 1600 and 5000 rayls[:a unit of flow

3
cm

resistance - ie, M]at room temperature.

The specific choice of lining materials is dictated by temperature and
mechanical stability considerations and by availability. Accordingly, each
material which fulfills these requirements and has the above-listed or up to
508 lower specific flow resistance can be used. The lining must maintain
characteristics under adverse (high noise, temperature, and airflow) condi-
tions. Present trend in the construction of lining material is a tightly

wrapped pillow.

(7) Estimation of Sound Pressure Level Spectra. The exhaust PWL
radiated by the augmenter outlet is estimated by subtracting the attenuation
{ PWL) calculated in accordance with section (b) from the free-field sound

power level of the jet obtained from experimental data or scaled up from model
data by the method of section (a):

outlet P"Lfree - APWL.

The octave-~-band SPL at a distance R from the augmenter outlet is then
given by

SPL = PWL

outlet 20 log R + 3 + DI (¢),

where R is the distance (ft) from the center of the exhaust stack and DI is
the directivity correction in (dB) for sound propagation parallel to the
ground. The directivity correction as a function of frequency and directivity
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o angle (¢) was determined experimentally for the full-gscale Miramar exhaust
i with a 45 degree exhaust ramp. The angle is defined as being 0° in the
downstream direction along with the centerline of exhaust stack, and

increasing in the direction of the engine. For example, 90 degrees is
perpendicular to the augmenter tube and is to the right (looking upstream) if

RN

ro R
Y.

the starboard engine is running and to the left if the port engine is running.
Table 2-4 presents a typical measured directivity.

Octave~Band Center Frequency (Hz)

g Direction 31.5 63 125 250 500 1000 2000 4000 8000
! 0° 0 1 2 2 3 2 3 2 3
45° 1 1 2 3 4 3 4 3 4
90° -1 -1 -1 - 1 1 2 1 1
L7 270° -1 -4 -3 -3 -3 -3 -3 -3 -2
e 315¢ -1 -1 -1 -1 -0 -1 -1 -2 -2

Table 2-4. Directivity of the Miramar exhaust for F-14A with

one engine in maximum afterburner.

(8) Prediction of Exterior Noise Level. Using the calculated

PWL value, and the calculated/measured, nozzle/aircraft, engine PWL value, we

can then correct for angular alignment (APWLS) and distance from the exhaust

stack to the point of concern (-20 log (distance to point) + 3 dB). 1t is

s

easiest to work in A-weighted level and octave frequency bands.

e

% (9) Prediction of Interior Noise Level. 1In addition to the

- exhaust, other noise sources affect interior noise levels (eg, engine inlet

i and casing noise). Thus, we cannot present here a quantitative design of Hush
; House interior acoustic treatment.

L

: Parameters that affect exhaust SPLs in the interior of a Hush

House are:

NEAE

~ XL

® Jet sound power level
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® Jet nozzle position, especially axial distance from the
augmenter inlet

® Augmenter lining

® Acoustical absorbing material on walls and ceiling (it is
assumed that the floor will be hard)

® Position in the Hush House (ie, distance and direction from
the jet nozzle).

General guidelines for minimizing exhaust noise in the Hush House

interior are:

(a) Place the jet nozzle as close as possible to the augmenter

inlet. (Remember, however, that exterior exhaust noise decreases with

increasing xN')

(b) Acoustically treat the bellmouth of the augmenter and the
augmenter retaining wall. This will provide absorption for the acoustic
energy radiated by the jet at angles greater than 20 degrees from the jet
exhaust axis.

(c) Line the augmenter from the inlet to a minimum of 9 jet

diameters downstream of the inlet.

(d) Make sure that the lined augmenter has sufficient attenuation
that, at all frequencies, the sound returning to the Hush House through re-
flections from the end of the augmenter tube is low compared to the noise of
the free jet propagating forward. This condition can usually be met if the
attenuation of the augmenter tube exceeds 10 dB.

(e) If SPLs in the Hush House are not to exceed the levels measured
at corresponding locations in free field about the aircraft by more than 2 or

3 4B, acoustically treat all interior surfaces (except the floor) with sound
absorbing material.
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3. Design Considerations - Life Cycle

The aim of this section is to provide information extracted from
investigations of acoustically related problem areas associated with sup-
pressor operation and alternative considerations for noise reduction. Problem
areas (primarily maintenance cost) were identified during early full-scale
fleet operation of the first acoustical enclosure. Structural and acoustical
material investigations were performed. Alternative noise reduction tech-
niques and augmenter tube material selections and techniques for reduction of
wall temperature were investigated for use in future acoustical enclosure
design. The subsequent designs based on material selection and noise
reduction techniques presented must still be evaluated for cost benefit
relative to the initial augmenter tube designs.

a. Background. During initial design the basic augmenter tube
configuration is determined by the type of aircraft to be tested and suppres-
sor utilization. This configuration is based on augmenter sizing for flow/jet
noise reduction, augmenter pumping, wall temperature limits, and life cycle
requirements. A noise suppression study by Gustav Getter Associates (ref 7)
provided the basic structural design and material choice for acoustical
enclosures using an air-cooled augmenter tube. Completion of the first full-
scale acoustical enclosure and Fleet operation provided valuable data for
future design. Using identified materials, problem areas, and potential
requirements for further reducing noise levels, both model and full-scale

evaluations were performed.

b. Materials. Full-scale and analytical analyses were made of the
structural integrity of the forward enclosure; ie, the augmenter acoustic
liner material and the perforated metal liner. The objective was to develop
the least cost (life cycle) design alternative.

7 Gustav Getter Associates Engineers Report, Aircraft Noise Suppression
Study, July 1973.
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(1) Forward Enclosure. The forward enclosure that houses the

jet aircraft is of a modular Butler-type construction. The frame is fabri-
cated from 4.8 mm A-36 plate bent to form a channel. The concrete panels are
precast on to light gage metal forms between the channels. The channels are
then bolted together with the metal forms facing the enclosure interior.
Acoustic treatment is integral to the panels on the interior surface between

frame bases.

A potential problem was identified during early operation of
the acoustical enclosure. Cracks developed along the concrete panel walls. A
full-scale test program was performed in the acoustical enclosure to determine
whether the high steady jet noise state and/or high impulse sound levels
during compressor stall would degrade the structural integrity of the the for-
ward enclosure. Reference 8 provides details of the test program. Tests of
the structure's response during actual aircraft operation, which included peak
pressure levels of 149 4BA during afterburner ignition, showed stresses
reaching plus or minus .5 kPA (.07 psi); maximum accelerations were found to
be plus or minus 7 g in the steel frame of the roof; acceleration in the
concrete panels found to be plus or minus 3.5 g. Mathematical analysis of the
structure shows that instability of the design occurs in the frame supports at
10 kPA (1.5 psi) and in the concrete panels at 3.5 kPA (0.5 psi). These
levels are well above the operational acoustic/vibration levels measured in
the forward enclosure. The full-scale evaluation indicated that acoustic
induced levels within the acoustic enclosure were not sufficient to damage the
structure. The concrete cracks were considered cosmetic rather than struc-

turally damaging.

{2) Augmenter Tube. The augmenter tube is constructed of obround

metal sections fastened at the channels. The obround section's interior
consists of numerous frame bays. The original design (ref 7) used mineral
wool to £ill the bays. A facing of corrugated metal liner supports the
mineral wool. During operation two types of problems developed with augmenter

8 Civil Engineering lLaboratory; G Warren, Ambient Excitation of Hush House
Acoustical Enclosure during F-8 Tests, TM-51-78-19, August 1978
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tube. The hot jet velocity exhaust flow shifted/decinerated the mineral wool
and caused the metal liner to crack/break off.

Programs were initiated to evaluate cost effective approaches to
these problems. The programs had two thrusts: (1) to develop an acoustic
liner material or resonator concept, and (2) to develop the technology to pro-
vide a least-cost metal liner which would function in the jet exhaust

enviromment in conjunction with the acoustic liner material.

(a) Acoustic Absorption. The augmenter tube jet exhaust

presents a destructive environment for most acoustical lining materials.
Since the acoustic liner material (bulk absorber) in combination with the
metal liner provides the necessary absorption, two approaches were pursued in
order to provide a cost effective treatment. The first involved the concept
of a multituned resonator. The second involved the selection of a bulk
absorber lining material with flow resistance and absorption coefficients
sufficient to insure a reduction in jet noise exhaust to 85 dBA when measured
at a 250-foot radius from the engine exhaust plane.

(i) Multituned Resonator. An investigation (ref 9)
devised an approach to achieve acoustic absorption in an obround augmenter
tube without the use of acoustic bulk absorber material. The concept is
referred to as a multituned resonator. The concept has not been tested.
Figure 2-30 predicts the attenuation frcm the multituned resonator concept.
Figures 2~31 and 2-32 provide the design of the obround augmenter tube
sections for a 1/15 scale-model acoustic evaluation. This approach may offer
the most cost effective design with respect to material cost and mean time

between failures. The actual full-scale construction costs have not been

determined.

9
Rohr Industries Report, An Analytical Study on Acoustical Performance of

Perforated Plate Liner for the Augmenter of a Stationary Jet Noise Suppressor,
reproduced as NOSC TN 125, April 1977
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83/4in |

4-1/2in
PERFORATED PLATE
Y -
7-3/4 in——————a=
ELEMENT NO 1 2 3 4 5 6
% AREA 20 145 145 145 16 20

CAVITY LENGTH 7.2 36 1.8 11 045 023
AVAILABLE (in)

Figure 2-31. Perforated liner (multituned resonator) — design
of the 1/15-scale obround augmenter (048 in = 0-60 ft).

T

83/4in

5
41/2in PERFORATED PLATE

7-3/4 in
ELEMENT NO 1 2 3 4 5 6
% AREA 25 11.3 11.3 113 16 25

CAVITY LENGTH 68 32 1.6 1.0 04 0.2

Figure 2-32. Perforated liner (multituned resonator) — design
of the 1/15-scale obround augmenter (49-72 in = 61-90 ft).
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(ii) Bulk Absorbers. Numerous materials were evaluated

for use in the augmenter tube environment. The first full-scale augmenter
tube used batts of mineral wool between the outer cylindrical shell of the
tube and the tube interior perforated metal liner. The temperature and
acoustic environmment burned/decinerated the acoustic absorber (mineral wool).
The primary problem areas were along the sides of the obround tube where

impingement of the jet exhaust was most pronounced.

Rohr Industries, Fluidyne Engineering Corporation,
and Naval Ocean Systems Center used flow facilities, impedance tubes, and some
full-scale testing to evaluate candidate material configurations. The
following materials were identified as candidates for use in the augmenter
tube environment: (1) basalt wool, (2) quartz fibers, (3) mineral wool, (4)
stainlegss steel wool, (5) ceramic blankets, (6) and fiberglass fabric. At
least one style of each material above was found acoustically acceptable for
the augmenter tube. Temperature constraints and cost (both initial and life
cycle) resulted in three approaches in addition to the initial mineral wool
batts. The replacement material chosen by Fluidyne for the first full scale-
acoustical enclosure exhaust was TIW fiberglass pillows. After installation
in the suppressor, the material burned out mainly in the high temperature
areas of the augmenter tube. Pillows of basalt wool were used in the design
of the second full-scale acoustical enclosure. The basalt wool was found to
be an acceptable acoustic liner material. Due to the high cost of basalt wool
pillows, a camposite pillow consisting of basalt wool and TIW fiberglass was
installed and tested in the full-scale augmenter tube. The composite pillow
with the basalt wool side facing the jet flow withstood the hot exhaust
environment for at least one year. No significant damage was observed.
Figures 2-32 and 2-33 show the acceptable range of absorption coefficients for
use in the augmenter tube.

We recommend that the design of the composite pillow shown in figure 2-34
be used to line the sides in new augmenter tube design. This composite pillow
is the most cost effective (initial cost/life cycle) acoustic absorber tested
to date. We further recommend that TIW pillows be installed in the top and
bottom sections of the augmenter tube.
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0.6 |- TYPICAL MATERIALS

@ = MINERAL WOOL [2-1/2in, 3.9 Ib/ft3]
05

+ = TIWFIBERGLASS [TYPE 2, 7628 FIBERGLASS
CLOTH, 6 Ib/f3]

ABSORPTION COEFFICIENT (a)

04
A = BASALT WOOL [1-3/4 in, 6.2 Ib/ft3]

0.3

0.2

o1 L 1 | i 1 | | 1 1 | 1 | 1

200 250 315 400 500 630 800 1k 126k 1.6k 2k 25k 3.15k 4k 5k
FREQUENCY (Hz)

Figure 2-33. Acceptable range of absorption coefficients.
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(b) Metal Liner. The metal liner material for the first
full-scale acoustical enclosure is perforated to allow acoustic energy to flow
through the bulk absorber acoustical lining material of the augmenter tube.
The first full-scale acoustical enclosure used perforated, corrugated panels
of stainless steel (type 321) in 3' x 10' sheets. During the first six months
of Fleet operation, cracks began to appear in the perforated metal liner.

Some sections of panels were eventually blown out by the exhaust flow. Three
investigations were performed to establish design changes necessary to in-

crease the metal liner life cycle. Sonic fatigue analytical studies including
laboratory test of materials and tests in the augmenter tube of the full-scale

acoustical enclosure were performed.

(i) Temperature Exposure Indicators. An investigation

(ref 10) was performed to illustrate the changes in color of stainless steel
(type 321) as a function of temperature and time. The figure (2-35) provides
an inexpensive first indicator of augmenter tube metal liner (stainless steel
321) temperature exposure. The closest color match between the actual metal
liner and the grid of heat tint colors gives an indication of the temperature

of the metal surface.

(ii) Metal Liner Selection. The selection, sizing, and

shape of the material for the design of jet enclosures must be concerned with
the static strength of the material as well as with problems of structural,
mechanical, acoustical, and thermal fatigue which the enclosure is expected to
experience during its operational lifetime. Of most importance in this selec-
tion is cost, and it is to cost that optimizations of the various engineering
parameters will have to be made in the final analysis. This section deals
with the problems of mechanical fatigue, thermal fatigue, source fatigue, and
their application to jet enclosures, to decision making processes, and rela-

tion to cost factors.

10 Civil Engineering Laboratory; JF Jenkins, Heat Tint Colors on Stainless
Steel, TM-52-77-12, February 1977
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Mechanical Patigue. A basic problem in the design

of acoustical enclosures will be material fatigue caused by cyclical stresses
(ie, stress reversals over a long time period) combined with temperature

fatigue.

It has long been known that stresses far below the
ultimate strength of a material, as determined by a single load application,
will cause rupture if repeated a sufficient number of times. This reduced
value of stress is called the endurance limit. This type of mechanical
fatigue failure is usually caused by the progressive growth across the section
of a minute crack formed in the material at some point of highly localized
stress. The point of localized stress may be at a small flaw in the material
or at some scratch or discontinuity of the surface. It is vital for this
reason that proper selection of a structure material failure strength be
considered, as well as the contributing factors to material failure such as
(1) surface finish of the material, (2) discontinuities as represented by
abrupt changes in cross section, and (3) holes located near or at the edges of
the material. For example, in the acoustical enclosure at the Naval Air
Station Facility (NAS) at Miramar, it was found that some structural failures
had occurred. A contributing factor to these structural failures was found to
be the corrugated sheets, which were perforated over 1008 of the sheet without
leaving unperforated edge margins as called for on the drawing. This resulted
in ragged slotted holes under the bolts and welds through perforations at the
fixed end of the panel. The jagged edge and welded holes resulted in higher
stress concentrations, especially in the welded regions, and consequently
resulted in failure initiation points.

Thermal Patigue. The term "thermal fatigue" is
used to describe the failure of reasonably ductile metals by a repetition of
thermally-induced stresses. Brittle materials (those with an elongation less
than 4 ~ 5%) usually exhibit such poor behavior in temperature fatigue as to
preclude their extensive use. The total stresses include any residual stress
from fabrication and heat treatment plus that from temperature gradients plus
that from any constraint of free expansion, as well as the applied stress
which, if cyclic, will further induce fatigue failure. The choice of material
for optimum fatigue performance at elevated temperatures is determined
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:: essentially by inherent strength, metallurgical stability, and resistance to
o

corrosion. Changes in the metallurgical structure as a function of tempera-

PR WY T P

ture are especially important as they may lead to loss of strength, localized U
strain, and gross distortion.

In designing for thermal fatigue, several factors
for the reduction of thermal stresses are:

PP YUY

1. Reduction of constraint on deformation.

2. Minimization of nonuniform expansion.

3. Introduction of compressive residual stress.
4. Reduction of stress concentration factors.

5. Protection of the surface.

PP T P LR PR

Acoustic Fatigue. A purely analytical approach

can give only a rough estimate of a structure's life under acoustic excita- 1
tion, and for this reason it is seldom used except in the most simple of
configurations. Most design calculations will combine theory with experiment ;

on the actual structure involved. The experiments, serving to bypass the ;

a

theoretical difficulties, usually involve the measurement of response, stress,

or fatigue life under excitation by noise. These experiments have to be made

Ay

on a full-scale structure and lead to the development of a sound field in
which a given structure would be satisfactory, or this can lead to determina-

tion of the stress or strain that can be compared with the known fatigue ]
properties of the materials. To carry out this comparison it is necessary to

derive a random fatigue curve using standard, reverse cycle stress and number

of cycles data. A most direct approach to the design of a structure such as a #
-
;

r jet enclosure involves a chart or nomograph for the particular geometry of

f fabrication. It further requires only the overall sound pressure level (SPL),
! duration of the exposure or number of cycles, and the material's random

E fatigue curve. Of these three parameters, only the last may not be available, 3
" but the conversion of the standard S-N data is readily, if approximately, b

accomplished if the following parameters are known:

2 L .

T oasies e ? 1
no r

4
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]
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§ = the damping ratio

fn = the natural frequency

so = the response to the unit static load
Pr = the spectral density

(1ii) Augmenter Tube Liner Material. In the design of

previous jet enclosures, 321 stainless steel has been used primarily because
it is easy to work with and also because it is one of the least expensive of
materials suitable for such applications. If one considers cost, then 321
stainless steel proves to be cost effective for most acoustical enclosures.
It is, however, a marginal material for structural applications above 1000
degrees F. Almost all tests in a jet enclosure can be so arranged, and the
enclosure built large enough, that the test item does not impose extremely
high temperatures on the surrounding structure for long time durations. If,
however, expected temperature ranges much in excess of 1000 degrees F, then

other materials need to be considered.

For example, A286 and 410 have advantages over
321. A286 is a high strength alloy and would lend itself to use in a simple
design allowing fairly large unsupported panel sizes. 410 is a low strength

material, but is also cheaper and has a low coefficient of thermal expansion.

Its mavyinal strength properties above 1000 degrees F would require more frame

supports, tending to off set the material cost savings. Before making def-
inite selections, cost tradeoffs would have to be made depending on sizing,
availability of material, costs at that particular time, and factors relating

to construction.
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Mechanical Properties. Static and fatigue tests
have been conducted by Rohr Industries, Inc (ref 11, 12), on several test

specimens. These tests included measuring ultimate and yield strengths,
elongation, and fatigue lives at room temperature, at 600 degrees F, and at
1200 degrees F. The specimens were “soaked" at these temperatures (ie,

1 temperatures held for a long period of time). This may not be the case in
.l most jet engine testing, as temperatures will not be constantly impinging on
the structure at these high values, and, in many instances, the temperature
can be considered to be transient. The values obtained in static tests are
summarized in tables 2-5, 2-6, and 2-7. They can be considered to be on the

congervative side. The four candidate materials tested — CRES 321, A286,
Ph15-7, and Inconel 625 — are considered at the present time to be the best
choices. From the results of the static tests as shown by the tables, it can

be seen that degradation due to temperature effects varies from material to

*f 80% of ultimate strength at 1200 degrees F). Ph15-7 shows unacceptable

’ degradation, down to 240 of room temperature values. CRES 321 degraded to
approximately 60% of room temperature values and Inconel 625 degraded to 70%.
These results show A286 to be the best high strength alloy choice. CRES 321

and Inconel 625 are acceptable and comparable. However, since Inconel 625 is

considerably more expensive, it can be eliminated from serious consideration.
Thus, based on static test results, A286 and CRES 321 are the best choices.
Based on fatigue tests and considering cost, ease of fabrication, and avail-
ability, the choice would be CRES 321.

It should be noted that elevated temperatures not
L only reduce the strength of the material, but also cause gradual deformation
5 or creep that accampanies stress at high temperatures. The rate of creep

) varies with the stress, temperature, and time. The rapid initial deformation

1
Rohr Industries Report, Investigation and Testing of High Temperature

Fatigue-Resistant Materials for Ground Noise Suppression, November 1978

12 Civil Engineering Laboratory; T Roe Jr, Investigation of High Temperature-
Resistant Materials for Acoustical Ingsulation in Jet Engine Test Facilities,
- ™-52-77-12, July 1977
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Perforated Sheet Yield Strength

iitaemdbnadrendiomet ancbundl

Perforated Room Teggerature 600°F 1200°F

Sheet Longitudinal | Transverse | Transverse | Transverse

Material ksi ksi ksi ksi

(A) Cres 321 23.2 23.3 18.5 15.4
(t = -063)

(B) Cres 321 22.6 22.6 18.4 13.3

(C) A286 56.0 56.3 52.1 50.5
(t = .063)

(D) Ph 15-7* 83.8 86.5 75.1 20.5
(t = .063)

(E) Inc. 625 32.7 33.4 26.0 23.6
(t = .063)

Table 2-6. Mechanical properties — yield strength
Perforated Sheet Ultimate Strength

Perforated Room Temperature 600°F 1200°F

Sheet Longitudinal Trangverse | Transverse | Transverse

Material ksi ksi ksi ksi

(A) Cres 321 39.6 39.2 26.4 21.8
(t = .063)

(B) Cres 321 39.0 38.6 25.6 20.7
(t = .080)

(C) A286 67.6 67.4 62.2 57.8
(t = .063)

(D) Ph 15-7* 90.1 93.1 77.9 22.7
(t = .063)

(E) Cres. 625 51.5 50.8 42.1 35.6
(t = .063)

Table 2-7.

Mechanical properties — ultimate strength.
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produces a strain hardening of the material that tends to decrease the creep
rate. The effect of continued high temperature on the structure of the metal
is to temper it and increase its ductility and thus the creep rate. When the
temperature effect predominates, a transition point is reached, beyond which
the creep increases very rapidly. Therefore, any extrapolation beyond the
time limit of a test must be carried out with extreme caution and the designer
must select design stresses that will keep the creep or deformation within
prescribed limits during the expected time of tests in the jet enclosures as

well as for the expected life of the enclosure.

To decrease the potential of creep/deformation of
the CRES 321 as witnessed at NAS Miramar Hush House 1 one can select a heavier
thickness of CRES 321 sheet material using t = 0.080 inch rather than 0.063
inch, and in even worse conditions, it will be far cheaper to replace some of
the CRES 321 sheet material that shows fatigue failures than to go to the

enormous expense of using exotic materials.

Fatique Testing. Fatigue tests were conducted at
Rohr Industries. The fatigue tests consisted of measuring fatigque lives
corresponding to a range of stress levels for each of the test materials at
room temperature, 600 degrees F, and 1200 degrees F. Figures 2-36 - 2-39 are
typical fatigue (S-N) curves for CRES 321 taken at room temperature, 600
degrees F, and 1200 degrees F, respectively. None of the elevated temperature
fatigue curves showed any degradation in fatique life due to elevated tempera-
ture. This fact again indicates that CRES 321 is a material that can be used
in the building of an acoustical enclosure and that it is not necessary to

congsider expensive, exotic materials.

Estimating Endurance Limit. Fatigue data may not

be available for a particular material in a particular shape. In the absence

of such data, the endurance limit can be determined graphically by the use of
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Figure 2-36. Tension-tension fatigue-type 321 .062 gage room temperature.
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Figure 2-37. Fully reversed random fatigue-type 321 .062 gage room temperature.
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Figure 2-38. Fully reveised random fatigue-type 321 .078 gage, 600 deg F.
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Figure 2-39. Fully reversed random fatigue-type 321 .078 gage, 1200 deg F.
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Typical Endurance Diagram for Mild Steel

a diagram such as a Goodman diagram which is based on the straight-line
relationship where

= alternating stress

wn n
8 »
]

mean stress
= ultimate stress

= endurance limit stress

w »
o =

It is often convenient to use a diagram for
analytical purposes. This endurance diagram can be constructed when the
ultimate strength, yield stress, and alternating stress are known. Analysis
and experimental work indicate that, if a variable stress is superimposed upon
a steady stress, the plotted results will determine a maximum and a minimum

stress line between which safe operation can be maintained. These lines are
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EV and BU in the diagram shown. The lines should be slightly curved. There
is no appreciable error in assuming the line is straight as an approximation

in the design of a structure such as an acoustical enclosure.

The stress corresponding to point U is the
ultimate strength, and the points E and B correspond to the endurance limit
for complete stress reversals. Any point on OU, as point C, will represent a
steady stress and CD and CH represent variable stress. The lines EU, BU, and
OU indicate stress combinations that will ultimately cause rupture, but in no
case should the maximum stress exceed the yield stress. Hence, the endurance
diagram above the limits described by EFNKB outlines the possible stress
combinations. This figure then forms the endurance diagram for flexural

stresses.

Design Techniques. The reason for making such

"Goodman" diagrams is to assist in the decision-making process. Materials,
surface finish, corrosion, and other stress concentration factors that
influence mechanical fatigue are very important considerations. As noted
previously, fatigue failure usually starts by the progressive growth across
the section of a minute crack formed in the material at some point of highly
localized stress. Therefore, sharp corners, severe notches of small radius,
very poor surface finish, improper oiling, holes near the edges, fillets,
grooves, coarse threads, and the many other factors previously noted either
must be avoided for proper designing against fatigue failure or their stress
concentration factors must be accounted for in the design calculations. It
should be noted, for example, that energy absorption requires a longer length
bolt rather than a short bolt of larger cross-sectional area. A finer
threaded bolt has much less of a stress concentration factor than a coarse
threaded bolt. Bonding instead of riveting decreases stress concentrations.

Good design practice requires the use of all applicable techniques.

What has been learned from the failures in the jet
enclosure at Miramar is the fact that, in the building of the structure,
careful attention must be paid to the details of design during the fabrication

and the inspection process. There were large stress concentratioa factors at
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the edges which were perforated contrary to the drawings. The most important
factor in improving fatigue life is the following: Careful attention must be
paid to detail design, especially in the joints, and proper inspection must be
made to ensure that these details are incorporated during fabrication and

construction.

(iv) Metal Liner Design Recommendations. These

recommendations are divided into two groups. The first addresses the present
augmenter design (ref 7). The second addresses possible design changes based

on laboratory tests and some full-scale evaluations which have not been tested

in Fleet use.
(aa) Pregent Augmenter Design Recommendations.

[ Stainless steel (type 321) is a good economic
choice for the liner material.

° The panels should not be perforated to the
edges but a 3-inch catstrip should be maintained along edges where bolt holes
are placed.

° Bolts should be carefully tightened to
required torque levels.

) Welds should not be used to restrain panel
edges.

] The liner perforations should be performed so
that burrs are limited to less than .004 inch in raised height above the sheet
and should be uniform in configuration.

° Bolts in different rows should be located in
tandem (ie, along the load line, not staggered). Bolts should be of the same
size and each row should contain an equal number of bolts.

(bb) Possible Design Recommendations.

® Stainless steel (type 321) and the A286 alloy
tested could be used without corrugations if smaller panels with adequate
support are provided.

) Optimum cost benefit (initial cost and life

cycle cost) may be achieved using one liner for a majority of the augmenter
tube and a more costly but longer life cycle liner for hot sections. This is
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especially pertinent if designs for new engine augmenter tube facilities
indicate temperatures above 1000 degrees F.

® Cost benefit may show that use of stainless
steel (type 321) with panel replacement when required is less expensive than
replacement with high cost alloys.

(cc) Noise Reduction Alternatives. Scale-model

studies were used for investigating techniques to reduce augmenter noise and
wall temperatures. Successful prediction by earlier 1/15 scale models of
acoustical and aerothermal parameters measured in full-gcale operational
augnenter tube suppressors forms the basis for the noise reduction alternative

modeling efforts.

Western Electro-Acoustics Laboratory performed the alternative evaluation
1/15 scale-model tests (ref 3). The tests evaluated the acoustical properties
of various obround and round augmenter tubes, both with and without 45-degree
exit ramps. Tests involved cold flow (500 degrees R = 40 degrees F) and two
hot flow conditions (2300 degrees R = 1840 degrees F and 3300 degrees R = 2840
degrees F) of the simulated jet nozzle.

The baseline condition for comparison of all alternatives is the obround
suppressor with a length (72" = 90'), a 45-degree exit ramp, nozzle tem-
perature of 2300 degrees R, and nozzle pressure ratio of 2.0. This condition
is nearly identical to the original modeling efforts and the resultant full-

scaie evaluations.

Figure 2-40 shows the difference of noise level with hot flow and cold
flow nozzle conditions. Figure 2-41 shows the impact of the 45-degree exit
ramg, a screen diffuser (a method of smoothing flow), and reduced augmenter
tube length. Figure 2~42 provides an indication for maximum benefit for
acoustic absorbing materials in the augmenter tube.

Figures 2-43, 2-44, and 2-45 show the impact of exhaust stack extensions
with a 45~-degree exit ramp or turning vanes at the exhaust end of the

augnenter tube. Figure 2-43 indicates that little benefit is gained from
exhaust stack extensions with a 45 degree exit ramp. Figure 2-44 indicates
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that substantial benefit is gained fram exhaust stack extensions with turning

vanes.
provide a slightly lower noise output than the extensions with turning vanes.

Figure 2-45 indicates overall that the extensions with 45-degree ramp

The turning vane data, however, based on temperature/pressure data in
reference 3, indicate that the turning vane system tested produces smoother,
more uniform exhaust flow but also created flow-generated noise. Better
design of the turning vane system (less area between individual turning vanes)
would reduce the flow-generated noise. This was achieved in contractor tests

outside the scope of the Navy project. The resultant overall noise with

acoustically treated exhaust stack is then projected to be lower than the 45-

degree exit ramp condition with acoustically treated exhaust stack extensions.

Figures 2-46 - 2-49 show the noise characteristics of round augmenter
tube designs using inlet throats (two augmenter diameters) relative to the
obround augmenter design. Basically round augmenter tube designs using inlet
throats produce higher noise levels than the obround augmenter tube designs.
There is a characteristic high noise output between 1000 and <..0 Hz model
frequency (66 to 125 Hz full scale) which is probably a function of the

discontinuity and tube diamter.

Figures 2-50 and 2-52 show the noise characteristics of round augmenter
tube designs with cooling slots. The untreated noise slots although small
provide up to 14 dB increased for field noise level. Additionally, figures
2-51 and 2-53 indicated that no augmenter wall cooling is accomplished with
the cooling slots tested. The cooling slots evaluated, however, are felt to

be poorly designed thus not delivering a sufficient quantity of cooling air.
D. Demisters

There are two commercially available demister devices capable of
operating under the impacts of Hush House temperature and strength require-
ments. Their purpose is the reduction of rain, ice/snow and foreign objects
through the Hush House inlets. The two demister devices ("Euroform-D-Mist-R"
by the Munters Corp and "Heilex-EB" by the Heil Process Bjquipment Corp.) were
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2-2
33
4.4

250 500 1000 2000 4000 8000 16000 32000

ONE-THIRD OCTAVE BAND CENTER FREQUENCY IN HERTZ
(MODEL FREQUENCY)

Round suppressor, throat® length (12 in = 15 f1), TN = 500 deg R
Round suppressor, throat* length (12 in = 15 f1), Tn = 2300 deg R
Obround suppressor, screen diffuser (48 in = 60 ft), Ty = 500 deg R
Obround suppressor, screen diffuser (48 in = 60 ft), Ty = 2300 deg R

*Note: The throat reduces diameter by 20% for the length of the throat.

Figure 2-46. Sound power levels -- (60 in = 75 ft). 45 deg ramp, AN = 2.0 round/ohround
comparisons.
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00 deg R.

32000
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16000

(60in =75 f1) Ty =

8000

4000

32

2000

(MODEL FREQUENCY)

round noise suppressors -

1000

500

ONE-THIRD OCTAVE BAND CENTER FREQUENCY IN HERTZ

250
2.0, throat length (12 in = 15 ft), ramp vs. no ramp.

No ramp

Figure 2-47. Sound power levels -
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tested in an environment chamber (ref 13). Both units meet the Navy's
operational requirements of effectively removing mist/rain from airstreams
flowing about 1800 ft/sec. and creating less than 2 inches of water pressure
drop. Pigure 2-54 shows the pressure drop characteristics. |

0.5
0.4
. y = 0.22 + 0.0035 x (32-0.84)>-//
o
D 03 = 7'/ a
. €
o Wt
@ _a‘/ o ©® MUNTERS
i‘z, / 8 HEIL
- \Y/
t ]
3
y = 0.08 +0.01 x (R2 = 0.91)
0.1 Z
0 / e
10 20 30 40 80 60
% BLOCKAGE OF TEST SECTION (2-2/2 ft x 7 ft)
Figure 2-54. Demister pressure drop characteristics.
13

Civil Engineering Laboratory; Edward Skillman, Test and Evaluation of
Candidate Demister Hush House Assemblies, TM-54-77-5, September 1977
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I1I. REFRACTION TECHNOLOGY

The Coanda/refraction air-cooled dry exhaust technology was developed as {
part of ths Navy's Coanda/Refraction Noise Suppression Concept Advanced ,
Development Program. Ths effort included analytical, scale-model (1/6 scale),
and full-scale evaluation of aerothermal/acoustical properties. The 1/6
scale~-model tests predicted values near those measured for a full-scale demon-
stration umnit. The Coanda technology has not been used in the Fleet as of
September 1981. The Coanda/Refraction program has produced a design manual
based on scale-model tests and analytical predictions.

A. COMPONENTS

The Coanda/refraction air-cooled exhaust system is composed of five
primary components. Figure 3-1 shows the typical suppressor configuration.
Outlined below is a brief explanation of each component.

Figure 3-1. Cutaway of Coanada/refraction noise suppression.
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Bjectors. The functions of the three-stage ejector set are to shape the
flow from the circular exhaust jet to a rectangular sheet for introduction
onto the Coanda surface, to provide mixing of ambient air with the primary
exhaust, and to provide a layer of cooling air next to the Coanda surface.
The cooling air enters through a controlled gap between the top of the third-
stage ejector exit and the entrance to the Coanda surface and provides a

supplementary film of ambient cooling air to protect the Coanda surface from
the hot exhaust stream.

Coanda Surface. The Coanda surface is a curved channel which turns the

jet exhaust flow through 90 degrees without the use of turning vanes or
deflectors in the jet exhaust stream. The surface curvature is extremely
critical for flow attachment.

Enclosure. An acoustic enclosure surrounds the ejectors and Coanda.
surface. The enclosure is double-walled to limit noise within the interior
from being transmitted to the surrounding environment. Special acoustic
panels are installed on the enclosure wall to absorb the refracted noise from
the deflected exhaust. Ejector and Coanda cooling air intakes are integral to

the enclosure.

Cooling Air Intakes. Inlets for the cooling air are horizontal, acous-

i:ically-treated passages located immediately under the roof of the enclosure
and running the lehgth of both sides. After entering the passages, the
cooling air branches into three streams and flows downward through three
acoustically-treated channels. These inlet passageways limit propagation of
airborne noise from within the enclosure to the environment. They are sized
to provide the required cooling air without reducing pressures within the

enclosure to unacceptable levels.

Exhaust Stack. An acoustically-lined exhaust stack is located on the top
of the Coanda enclosure. The acoustic treatment within the stack further
absorbs noise from the exhaust stream before it is discharged into the
atmosphere.
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B. SUPPRESSOR GAS DYNAMICS

The flow transitioning and turning elements of the Coanda system are
illustrated in figure 3-2. The hot high velocity primary flow is received by
a three-stage ejector system, which shapes the flow into a rectangular sheet
for introduction onto the Coanda surface and provides mixing of ambient air
with the primary exhaust. The gap between the last ejector exit and the
Coanda surface is provided to supply supplemental cooling air which forms an
insulating film between the hot exhaust gas and the Coanda surface. The
Coanda surface is a curved channel (open on the lower side) which turns the
flow through approximately 90 degrees without reliance on turning vanes or
deflectors in the severe enviromment of the jet exhaust. Flow turning is
accomplished by creation of a pressure gradient across the exhaust stream
existing from the ejectors. The proximity of the high velocity stream to the
underside of the Coanda surface causes a reduction in surface static pressure
because of unreplenished fluid entraimment near the surface. The higher
pressure (ie, local ambient) on the opposite side of the flow (open side of
the channel) forces the fluid sheet to attach to the Coanda gurface and turn
through 90 degrees.

The jet velocity existing from the Coanda surface is reduced to levels
which produce low residual jet noise because of turbulent entrainment of large
quantities of secondary cooling air.

C. DESIGN CUNSIDERATIONS

1. Overview.

Two principal design considerations form the basis for development of
the Coanda/refraction air-cooled dry sound suppressor operation. First, flow
attachment/turning is the basis of the technology application. Pactors such
as temperature, pressure, and air flow must be considered in conjunction with
the engine operating parameters. Second, the acoustic environment due to the
engine noise must be reduced to the desired near-field and far-field levels.
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Figure 3-2. Coanda surface and ejectors.

Analytical studies, 1/6 scale-model tests, and full demonstration unit
measurements (ref 14-16) formed the basis of a design handbook (ref 17). The
final design-related conclusions based on Naval Air Engineering Center (NAEC)
Coanda research efforts are presented; however, they have NOT been tested

under fleet operating conditions:

) Within reasonable limits, misalignment of engine nozzle to
ejector centerlines, typical of improper aircraft initial positioning or in-
airframe movement of the engine nozzle, does not affect exhaust flow attach-
ment t~ the Coanda surface.

Naval Air Engineering Center, Final Technical Report-Feasibility/Initial
Model Studies Coanda/Refraction Noise Suppression Concept Exploratory
Development, NAEC-GSED-80, May 1974

Naval Air Engineering Center, Final Technical Report Configuration Scale-
Model Studies Coanda/Refraction Noise Suppression Concept Exploratory
Development, NAEC-GSED-81, May 1974

16
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Naval Air Engineering Center, Final Technical Report - Test Cell
Experimental Program-Coanda/Refraction Noise Suppression Concept Advanced
Development, NABC-GSED-97, March 1976

17

Naval Air BEngineering Center, Design Configuration Handbook Test Cell

System Coanda/Refraction Noise Suppression Concept, NAEC Design Data 92-136,
30 March 1979
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@ The Coanda concept functions equally well with coannular or axial
flow engine exhaust.

e With proper design, the dual Coanda system can operate with two
side-by~side exhaust flows at dissimilar power settings (eg, two engine
aircraft).

[ with proper ejector configurations, the Coanda system can accom-
modate reasonable variations in distances between the engine nozzle and
ejector inlet without affecting flow attachment or cooling.

) With an appropriately-designed ejector transition section, the
dual Coanda system can accommodate reasonable angular and offset misalignment
of twin engine exhaust flow while maintaining good flow attachment and accept-
able surface temperature.

) Adequate Coanda surface cooling can be maintained by providing
the proper gap between the top of the final-stage ejector exit and the Coanda
surface.

2. Initial Design Approach.

The initial design approach for the Coanda/refraction technology
requires the range of engine temperature, velocity, and noise parameters to be
determined, then an analysis of each suppressor component configuration to be

completed in the following order:

a. Ejector Design. The ejector usually uses a three stage system

{ found optimum in ref 15 and 16) to shape and cool the exhaust flow. Figure
3-3 shows this configuration along with the pertinent parameters which form
the basis of suppressor design. Figures 3-4 - 3-7 present the range of

temperatures experienced in the ejector area.

15 Naval Air Engineering Center, Final Technical Report Configuration Scale-
Model Studies Coanda/Refraction Noise Suppression Concept Exploratory
Development, NAEC-GSED-81, May 1974

Naval Air Engineering Center, Final Technical Report - Test Cell

Experimental Program-Coanda/Refraction Noise Suppression Concept Advanced
Development, NAEC-GSED-97, March 1976
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Figure 3-3, Multistage ejector.

The basic function of the ejector set is to transition the flow
from a circular to a rectangular cross section, and to provide enough cooling
flow to each stage to maintain ejector surface temperature below 1000 degrees.
It has been shown in reference 16 that in order for the ejector set to
function properly, the geometrical design must be fixed within vary narrow
limits. This means that, for any given application, the sjector set is fixed
and it is not possible or necessary to generate parametric curves for a
variety of engine-ejector combinations. This situation will be explained more
fully in the detailed design procedure which follows.

(1) Single Stage Design Approach. As stated previously, the
design will use a three-stage ejector. Unfortunately, the calculation of
staged ejector performance is very complicated and involves a time consuming
iteration process best suited to a computer. However, NAEC research efforts
have shown that a single-stage design procedure produces results in excellent
agreement with experimental data. This approach allows for a closed-form,

mathematical solution for the ejector pumping ratio which greatly simplifies
the design.

The basic single-stage ejector geometry is shown in figure
3-8. This geometry is determined from the requirement to transition from a
round entrance to a rectangular exit.
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Figure 3-8. Single-stage ejector geometry.

By referring to figure 3-8, the following relations can be derived.

l"c;
AR = = (1)
o
The maximum side wall divergence angle as defined from experiment is 3.5

degrees. Therefore:

- §
2 " Fa B
m-m-iéds —i-l'sl (2)

8ince the ejector is constant area,

finally: 2

H
2 2 (-]
'Ru'bono'“xbo'n (3)

Empirical data have set the optimum aspect ratio at 2.13. Therefore, from
equation (4) all ejectors will have a length - diameter ratio of 2.4. In
addition, it has been shown that 1.87 is the required value for the ratio of
sjector area to engine exit area. This means that, for a given engine, the
ejector geometry is fixed.
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The next step is to develop the equations needed to calculate the ejector
pumping ratio (ratio of entrained flow to primary flow) of the equivalent
single~stage ejector. After this is done, it is then possible to determine
the geametry and operation of the three-stage ejector set that would be used
in the final Coanda system.

_ Figure 3-9 displays the parameters and relationships for the ejector
pumping ratio.

To }- XLE ;l
P \\ -
™ }|—» hLJ._ MIXING ZONE Am ':""
Po Ap | PRIMARY JET CORE 11 allis.
Py ::. T‘ Mo
Wp
= et [] e
L7

PRIMARY /
NOZZLE
w, EJECTOR TUBE

Figure 3-9. Equivalent single-stage ejector flow schematic.

2
(1+m2=1:005 Tepfn Pa A" /Pp Pa\ /FaPa s)
2 5 p \a P P
 Tm % \% " P P

where the pumping ratio R is defined as:

R=s — (6)

and: n = ejector pumping efficiency.

The normal assumption is that the engine exhaust static pressure and the

ejector exhaust static pressure are both equal to ambient pressure:
P =P =P,
] a ) -]
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Therefore, equation (5) reduces tc:

T P - P
(1 + g)z - 1405 _tp :‘. n tp & (7)
Hz T A P
P tm P a

Reference 6 gives the equation for 1‘“ as follows:

H.‘. + 1.2‘1‘t

Tem R+ 1.2 (8)

A is defined as:

A P -P
N A P
P P a

where from reference 19:

=1
n:’- 1%1' [(;?) Y -1] (10)

Substituting equation (8) and equation (9) into equation (7) gives the cubic
for R.

2'! + 1-2‘ T + T (2-“'" 1-2‘1‘ (“A)

Rt Tw 2,8 w7, T w L, ()
a a a

This equation has a standard solution; however, for completeness it will be
repeated here. Defining the following quantities:

p= _'_?__9 (12)
a
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q= — (13)
a
1,27 (1-A)
r= T (14)
a

equation (11) reduces to:

ns+pnz+qn+r-o (15)
substituting:
-y - B
R= x 3 (16)
gives: :
3 .
x +ax+b=290 (17) q
vhere: :
|
a= 3 (3q-pH (18)
ands
1 3
b= ;,-(2;» - 9pq + 27r) (19)

Equation (17) will have three roots; however, only one is meaningful for the
l ejector solution, which is extracted as follows:

Compute the value of the angle (¢) in the expression:
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b
cos¢ = = 2 (20)
- .—3
27
Then x will have the following value:
X = 2 #- -g cos -g' (21)

Pinally, R is obtained from equation (16).

For a given ejector and engine, all the gquantities in equations (9),
(10), and (11) are nown with the exception of n, the pumping efficiency.
Values of n must be determined from experiment. By using the results in
references 17 and 18, the variation of n with overall ejector area ratio was
developed. It is shown in figure 3-10. This figure was drawn for an ejector
length - diameter ratio of 2.4 since this will be fixed for all ejector asets
as explained sarlier. Also, it should be remembered that figure 3-10 is based
on data from the three-stage Coanda ejector set and its use cannot be extended
bsyond that applicationm.

By using the theory developed above for the equivalent single-stage
ejector and the emperical curve for pumping efficiency, it is possible to
calculate the total secondary flow entrained by the three-stage esjector set.

7 Waval Air Engineering Center, Design Configuration Handbook Test Cell
System Coanda/Refraction Noise Suppression Concept, NAEC Design Data 92-136,
30 March 1979

18 Maval Alr Engineering Cesnter, Jet Engine Demountable Test Cell Exhaust

System Phase - Coanda/Refractor Noise Suppression Concept Advanced Develop-
ment, WMARC-92-112, April 1979
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G 87 EJECTOR LENGTH TO DIAMETER RATIO:
XLE
3 ME o
2 Om
. 47
w
S 27
0 11 1 ) ] [ L ¥ T
[ 2 4 6 s 10 12 14 18

OVERALL EJECTOR AREA RATIO, Apy/Ag

Figure 3-10. Variation of pumping efficiency vs overall ejector ares ratio.

TG

After the value of pumping ratio, R, is obtained from equation (16), the
total entrained secondary flow is given by:

W_=RW4 (22)
s P

and the mixed total temperature is given by equation (8).

PPt Parwirg-t-wy -3 gaap

e Ao

(2) Ejector Set Exit Mach NMumber Calculation. The ejector set
exit Mach number is needed to calculate the amount of secondary air that will
be entrained by the Coanda surface flow. The ejector exit flow is the flow
incident to the Coanda surface.

L PR

In addition, the exit Mach number must be calculated as a check on the
ejector pumping ratio solution. Under certain conditions, the pumping ratio
obtained from equation (16) results from trying to force too much air through
the given ejector area. This situation arises when the calculation of exit
Mach number produces a value which exceeds unity. It would therefore be
required to increase the ejector area.

The equation for the ejector set exit Mach number is: 1
{
W_R \"r '
A = 0204 22 Y B (23) N
o gP A

am
3
B!
A
J
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= gjector weight flow (1b/s)

= gjector static temp (°R)

= ambient pressure (1lb/ ttz)

ejector area ( ftz)

'n
Ta
g = gravitational constant = 32.2 tt/l2
Pa
A-
R

= gas constant for air = 1716 ﬂ:z/s2 *R

This equation uses the static temperature of the gas whereas equation (8)
gives the ejector exit total temperature. The static temperature is a func-
tion of the total temperature and the exit Mach number so a short iteration is
required.

The recommended procedure is to assume that the static temperature is 90%
of the total temperature and calculate llo. This value of "o is used with the
flow tables in appendix A to obtain a value for T-/'rm which gives a new Tn to
use in equation (23). This process is repeated until the Mach number becomes
constant. Usually four or five iterations are needed.

(3) Three-Stage EBjector Set Design. The final step in the ejector
set design procedure is to calculate the three-stage ejector geometry on the
basis of the operation and geometry of the single-stage approximation. The
following equation is used to determine the equivalent radius for aach ejector

stage.
| J
2 ns 2 2 2
Rn “"". (R- Rp) + Rn 1 (24)

where: n varies from 1 to 3 and Ro = Rp.

Experimental test results indicate that for proper ejector operation the
first stage should entrain 60% of the total entrained flow, the second stage
19%, and the third stage 218.
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Therefore:

W1. = 0,60 "
'2. = 0.19 '.

3s = 0,21 '.

And equation (24) yields for the equivalent radii of each stage:

2 2 .2 2
Ry = 0.60 (8] - R0) + R (25)
Ri = 0.19 (n: - 1@) + nf (26)
2 2 2 2

R; = 0.21 (R - ) + R (27

The ejector stage lengths should be calculated from the following experiment-
ally-derived relationships:

L1 = 0.50 XLE (28)
Lz = 0.25 XIE (29)
L3 = 0.25 XLE (30)

The values R1, Rz, and R3 are called equivalent radii because only the

first-stage ejector inlet is circular. The primary function of the ejector
set is to transition the flow from a circular cross section to a rectangular
cross section. The details of the transition will be outlined later.

(4) BStandard Coanda Ejector Set. The procedure outlined
previously can be used to design an ejector set for any specific engine.

However, a standard ejector set has been deveioped that is capable of handling
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most existing Navy engines, and this design is shown in figure 3-11. As can
be seen, the first-stage transitions from circular to elliptical, the second
stage from elliptical to elliptical, and the third stage from elliptical to
rectangular. If a different size ejector is designed, it should be based on
figure 3-11 with the exact dimensions determined from figure 3-11. The ratio
of inlet radii is used to establish the new cross-sectional dimensions and
then the new XLE is based on the results of the ejector set design procedure.
(See table 3-6.)

(5) Ejector Set Design Results. The ejector design technique
outlined above was used to design ejector sets for Navy turbojet and turbofan
engines. 1In addition, the operation of each engine in the standard Coanda

ejector set was determined. Table 3-1 shows the engine exhaust parameters
used for the calculations. Tables 3-2 through 3-6 present the results for
- standard atmospheric conditions. As changes in atmospheric conditions have a
P minor effect on ejector performance, the tabulated values can be used for

Coanda system design without recalculation for variations in ambient tempera-

ture and pressure. However, if it is desired to determine performance for

nonstandard conditions, it is a simple matter to follow the procedure out-

lined.
45.29 DIA }_ 62.25 ]
L ——— e ——
™ -12.31R
13.56R I'T._'az'”’l T . W‘I ¥
. et 32.51

+ 4 —10— + 15.38 |

+ 4 —‘-L-— #—‘ 7.143 +J_———_‘

l_]2¢2] 14.0R = 36.67{——
y ;—
3.0R
10.793611R

A=1611IN2 A=1680IN2 A=2016IN2

1 2 3

Figure 3-11. Standard ejector set design.

Calculation of the ejector set exit Mach number for the J-52 engine
produced a value greater than unity. Therefore, tabulated values for the J-52
are for operation in the J-79 ejector set.
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Table 3-1. Engine Exhaust Parameters,
Standard Day Conditions

EXMAUST EXHAUST EXNAUST
ENGINE TOTAL TOTAL (31 AIRFLOW
PRESSURE TEue AREA [ 7]
ie ) nl

£2-0-408 %9 1800 279 146.0
S57-P-420 (ML) X 1880 904 1980
2879420 (A/8) %0 3360 6688 1880
88-P-3A 206 1560 1330 “ws
J719-08-10 (ML) 41.62 1547 e 167.0
179-0E-10 (A/8) 4242 3520 6200 1700
298 -QE~4A 2080 1750 106.0 48
TF30--P-400 32.60 1797 528.6 %70
TEI-P-412A (ML) 3058 1360 €120 220
TPI0-P--412A (A/8) 2630 3100 1084.0 2430
TP41-A-2 37.30 1524 488.9 263.0

Table 3-2. Ejector Pumping Ratio Results,
Engine Specific Ejector Set
Ta = 519 P, = 14.696 psia

EECTOR | rowens | ruweme
ENGINE RATIO EFFICIENCY RATIO
‘.I‘. n L}

A2-p-400 wmn A2 0.008
J7-P-4201L) 342 53 0.708
BI-P-420AB} v8? 7 0.044
1800 -3A .07 3 0.454
$70-QE-100ML) 9 54 0826
J19-GE-10IA/) 187 n 037
N0-08-4A 1.87 .n 0.498
T#30-P-000 (R 1) .13 0.828
TPI0-P-A12AIMIL ) 196 40 081}
TFI0-P-412A(A/8) 18?7 N 0.018
TP81-A-2 1.97 .73 0.588

Table 3-3. Pumping Ratio Results for Engines
Operating in Standard Ejector Set
Ta = 5199R Py = 14.696 psia

"::::" rownng | eumeing
ENGINE My | rriciency | matio
" "
Agihy
e —————— ——-J b e———————

RI_P-408 7 7] .18 0.768
287-p-420181L) $.0¢ om 0.088 K
B7-p-a30(A/8) 202 054 0.008 g
200-P-3A 1818 0.10 0908 .
7e-ae-100L) 6N 022 0680 4
M-at-10a8) i 0.0 0.8t 4
2-Gl-4A 1902 0.10 0584 4
TP-20-0-408 I 0.t 0.083 ?
TPIO-PAT2AIMIL) 3904 0.40 0818 ﬂ
1930-P-A12AIA/M 187 00 o818 ‘]
_TPaI-A-2 4.14 0.3 0.708 ]
3

e
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FIRST SECOND THIRD
stace | stace | smace | UML) MREIPM LOTORL | eack
ENGINE ENTRAINED | ENTRAINED | ENTRAINED FLOW TEM FLOW NUMBER
FLOW FLOW FLOW w, W4 v .. w nh ,
Wy, Wi | Wy mA | Wy BA s hod -
B2-Pe08 “77.53 24.55 27.13 129.21 12563 276 21 704 T
J57-P-420 (MIL) 88.24 27.94 30.88 147,07 1208.3 33207 649
J57-P—420 (A/8) 71.06 22.7% 2518 19.78 23618 308.76 838
J90-P-3A 14.38 ass 5.03 23.96 12608 73.46 736
J79-GE-10 (ML} 82.76 %.21 28.97 137.94 19 304.94 739
J79-GE-10 (A/B) 7.7 238 26.31 126.29 23718.2 205.29 1.000
J85-GE—4A 12.98 an 454 21.63 1390.0 05.23 280
TF30-P—a08 81.41 25.78 249 135.00 1406.5 392.20 1.000
TFI0-P-412A (MIL} 88.72 28.09 31.05 147.86 1076.3 389.86 443
TFI0-P-412A (A/B) 75.52 23.92 26.43 12587 23637 36887 o
TFa1-A-2 89.28 28.27 31.26 148.80 12019 411.80 1.000
Table 3-4. Three-stage ejector performance results — engine specific.
FInST SECOND THIRD
stace | svace | stace |earmmineo | exir | €xr | wAck
ENGINE ENTRAINED | ENTRAINED { ENTRAINED FLOW TEW®. FLOW NUMBER
FLOW FLOW FLOW w, W4 Tim R Wa B "
Wy, B/ W3, WA W3, B
R ¥ EL LY 17 7 B | R T L I
J87-P-420(MIL} 73.04 2313 25.56 2173 12860 306.73 303
JB7-P-4201A/8) 99 88 nel 34.96 166 47 21480 385247 590
J80-P-3A 12.76 562 6.22 29.60 12138 7.10 099
S19-GE-10MIL} 6413 2031 2244 106.88 1189.4 27288 a0
S79-GE-101A/B) 98.02 3104 34.30 163.37 27855 33y 563
J8-GE—4A 2312 7.32 8.09 38.54 1228.0 8214 104
TE30-P-408 108.86 2384 37.40 178.10 13201 43510 873
TFI0-P-412AIMIL} 0.2 »20 1% 14883 1078.0 39083 463
TF30-P-a12A(A/8) .82 2392 26.43 128.87 23637 35807 2
TFI-QE-2 10119 3208 %42 188.68 086 808.66 520
TE41-A-2 119.681 31.88 188 199.35 1135.0 382.35 Se3
Table 3-5. Three-stage ejector performance results — standard ejector set.
otcron | Siaee FIRST SECOND | secowo | T | vwmo
STAGE STAGE STAGE
ENGINE LtencTr |EQuIVALENT LENGTH EQUIVALENT|  cocr [EQUIVALENY | O
XLE in RADIUS RADIUS RADIUS NGTH
57-P-420 95 as 17¢7 472 1892 2386 1992 2386
80P~ 34 42 60 6.0: 21.30 8 4% 10.65 890 10.65
J19-GE-10 84.30 15.87 42.1% 16N 20.07 12.59 Nnor
ME-GE-4A 380 7.16 19.00 7.54 950 7.94 950
TF30-9-408 84 80 15.96 42.40 16.80 220 1769 21.20
TE0-P-412A 121.70 2N 60.85 2412 30.42 25 40 3042
TFat-A~-2 ] 81.%0 15.3% 40.7% 16.16 20.3?7 12.02 20.)?

Table 3-6. Three-stage ejector geometry results, engine specific.
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With the tabulated values in tables 3-~2 through 3-6, it is possible to
select an ejector set for any engine or combination of engines without further
calculation. Also, all necessary performance parameters to design the other
components of the test system can be obtained from the tables for any rational
engine-ejector set combination. It is now possible to proceed with the Coanda
surface design.

b. Coanda surface Design. The performance of the Coanda turning

surface is a function of exit Mach number, surface pressure, pumping ratio and
surface temperature. Figures 3-12, - 3-21 present the results of scale-

model/full-gscale demonstration unit measurements.

After the ejector set exit geometry and exit flow properties have been
determined, it is a relatively simple matter to calculate the Coanda radius
and the amount of secondary air entrained by the Coanda surface flow. With
this information it is possible to calculate the exhaust stack flow and the
secondary air inlet flow. The exhaust flow is a combination of the ejector
exit flow and Coanda entrained air, while the secondary inlet flow is a
combination of Coanda entrained air and the entrained air of the second and

third ejector stages.

NAEC research has determined, based on water table and other experimental

results, that the critical ratio for Coanda surface attachment is the ratio of
ejector exit height (bo) to Coanda surface radius (Ro). More precisely, it
has been shown that the value 0.16 is optimum for Coanda surface design.

Therefore:
7 " 0.16 (31)
where from equation (3):

I
hb =V iR (32)

111

Claa A aine

-

PR R R Ry

PV W T

e

W UU ST S v S )

cag

F PV P

R 1

PRTES B Y S WA RS

ad




R N L R S R S T T N N N W L WL S Y L Y W N v Iy oy W e Y W e v T STy T av e bl

" o
N of
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o NOZZLE PRESSURE RATIO = 1.93
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E Figure 3-12. Comparison of Coanda exit Mach number profile at afterburning condition.
2
P,'_.
s
t. 112
-
:.. ............... '.\".o“. _v.;j i " .:..\ - .- . e e e e e e e e




ACESS-Che" AN DELA A

*19mod Supumquoye v uonnquISTp anssaid sowgns epuro)) jo uospedwio) °g1-€ B

$33¥930 ~ 13Nl YONVOI WOYJ 3TONV
06 08 0L 09 0s or 0€ 1,4 ol 0

e Py
T By
Il\l‘\l W e
- L
FREY Y of — .
Y et H 88 >
37vos 71300W) — ~ a(%
T | o B A
- e DN ‘.
- o due ¢ @ul « aEn o om o w o @ .'Jl-ln I|~ au *
H , =
K 1 1 - L
[ | Lo 50
¢ —— 9% ™x
' : m
| \| B f
[=
m
00t "
S -
10t v

(0E-41) VAVA TIAON 3TVIS HLXIS INO = pmmnen
(2SF) SISATYNY VONVOD « == ¢ = o == B
{0E4L) SISATVNY VANVOD = == = = = L




COANDA EXIT MACH NUMBER

0.10
. 0 2 4 6 8 10 12 14
. DISTANCE FROM COANDA SURFACE ~ FEET
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:
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Figure 3-14. Comparison of Coanda exit Mach number profiles at military power.

114

- e . a om s o mle s




\

‘o THEORETICAI. ZERO WALL

\  PRESSURE ~ \NCOMPRESSIBLE
FLOW

\
X
REATTACHMENT A\

PRESSURE HEAD =
DECREASING \

©)

DETACHMENT S
PRESSURE HEAD
INCREASING

= JET VELCCITY \
AMBIENT STATIC PRESSURE \

JET EFFLUX DENSITY \

= PRIMARY JET WIDTH \
COANDA SURFACE RADIUS Q

v €
o
n

o’ﬁlb
"

o’o
"

Figure 3-15. Water table model data — Coanda jet attachment limits.
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NOTE:

o SHADED SYMBOLS, EPR = 2.15
o FLAGGED SYMBOLS, ENTRY DOORS OPEN

019 COANDA SYSTEM CURVE
$ ] CONFIGURATION 8
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w015 -
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o || l 1
600 ﬁb 1 1100 1200 1300
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SYMBOL
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Figure 3-16. Coanda system and pumping curves — A/B condition.
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Figure 3.-20. Coanda exit velocity — J57 afterburning condition.
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INLET IRIS REMOVED, 24-FOOT STACK, BACK INLET OPEN

= = == = ONE-SIXTH SCALE-MODEL DATA SIMULATING TF30

Figure 3-21. Coanda exit velocity — J57 military rated condition.
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-, and fram equation (1):
H = ARX D
[ o

Equations (31 and (32) can be used to obtain the required Coanda radius,
and since the Coanda surface width is equal to the last-stage ejector width,
equation (1) defines this value. In equation (32), the area for the equiva-
lent single-stage ejector (Am) is used since this is equal to the third-stage

ejector exit area.

The amount of secondary cooling air entrained by the Coanda surface flow
is obtained with the use of figure 3-22, remembering that the Coanda surface
incident flow is the third-stage ejector exit flow. If the value of bo/Ro is

L il g
P g e

aei,

defined as 0.16, then from figure 3-22 the entraimment function is:

L

Y

”
Eﬁ
3
[ ]
L
(]
SN’
o
@

78
90\ °
—_— = 1,988 (33)
M 05 eo
o

b 3.0
B € - ENTRAINMENT RATIO (Wey/Wpp)
- Tem — INCIDENT FLOW TOTAL TEMP. (°R)
» To -~ AMBIENT TEMP. (°R)

. Mg ~ INCIDENT MACH NO. = EQUATION NO. 10

Wes — ENTRAINED FLOW (1b./s)

< z Wy, — INCIDENT FLOW (tb./s)
- 2 8o - COANDA TURN ANGLE {DEGREES)
-
¢ g 2.0
L “

- [

4 F 4

' 3

<

T «

e =

2
= w

:., g

“ o

9
P:—‘.

- 18 Y T T
_;_. 0 A 2 .3 4

bo/Re
Figure 3-22. Counada entraininent function vs bo/ R,
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If the turning angle is given as 90°, the equation for Coanda entraimment
becomes :

ST R E W

1 .98!1;05

<-r - x ).oa
tm a
= .
a

The Coanda entrained flow is then:

B Bt 2 2 o

ﬁ Wos = ¥y (35)

cs8

and the total exhaust flow becomes:

MPGDY WU TN CPY R OO S VPR,

i
t W = wlu + wcs (36)
A

Equation (8) is used to calculate the exhaust flow total temperature. Noting 1

? that Ttm replaces T

tp and € replaces R:

+ .
e'.l‘a 1 ZTtm

Tte = e+ 1.2 ' (37)

The Coanda design procedure can be used to match a Coanda surface to any of
the ejector sets designed previously. In addition, a standard Coanda surface

has been designed to complement the standard ejector set. The details of this
design are shown in figure 3-23.

e

As before, calculations were made for a matching Coanda surface for each

ejector set previously designed as well as for the performance of each engine

b Rt At et ) {

in the universal Coanda system. The results are presented in tables 3-7 and
3-8 for standard atmospheric conditions. The Coanda entrainment ratio, ¢, is
little affected by ambient conditions so these values can be used for further ;

design calculations which involve changes from standard conditions. This is
not the case with the mixed gas temperature and inlet and exit velocities,
which must be calculated for the worst combination of ambient conditions.
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Figure 3-23. Standard Coanda surface design.
Table 3-7. Coanda surface geometry and performance — engine specific.
Te=519°R P, = 14.606 psis
OECTOR | coanpa | COANDA | SORMOR | vorau | sTack | coawoa
SURFACE EXIT €IV SURFACE
ENGINE 3104 RADIUS ENTRAINED

HEIGHT Ry i ENTRANBENT FLOW FLOW TEMP, wioTH

b o € Wa s | W Wb T *R Ny in
J52-P-408 21.37 133.54 193 $31.16 806.37 801.67 45.52
57-P—a20MIL) 24.19 151.20 1.93 840.90 972.97 782.12 $1.50
J57-P-420(A/8) 2419 151.20 1.90 £80.94 868.70 1234.66 $1.50
260-P-3A 10.80 67.50 194 142.51 2597 802.49 23.00
J79-GE-10IMIL) 27 37 133 54 1.95 594.63 899.57 750.96 4552
J79-GE-10/A/8) 2.37 133.54 9 $64.00 £39.29 1236.38 45.52
H5-GE-4A 9.65 60.29 194 126.55 191.78 €51.87 20.60
T£30-P-408 2148 134 26 1.96 169.70 116240 856.03 4580
TFI0-P-412A(MIL) 30 8% 192.80 1.90 740.73 113059 734.723 65.70
TF30-P-412A(A/B) 30.85 192.80 187 689.79 1058.66 1240.06 5.70
TEA1-A-2 2067 129.18 197 811.25 1223.0% 777.51 44.00

bo/Ro = 0.16 AR = 2.13
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Table 3-8. Standard Coanda surface performance.

Ty =5i8°r ¥y = 14.096 psis ~ for Cosnds Entrainment
Tp=S80°R P, = 13.0 psia — for Stack Exit Temperature

coanpa | SOAMOA | vorar | sracx

ENGINE SURFACE |eyvpamep | EXIT v

ENTRABDENT FLOW FLOW TEMP,

€ e B4 Wy B Te oA
82-r-a08 108 47387 720.84 8892
J57-P—4200ML) 188 576.65 83.38 808.14
- 257-P—420(A/8) 1.87 €89.12 1011.89 1185.08
T~ J00-P-3A 1.76 139.22 21832 800.08
T~ | s1e-GE-10tML) 187 $12.16 796.04 7108
T -ne-GE-10A/8) 187 623.40 6.77 1170.40
M-GE—4A 1.76 14457 226.71 00843
TF0-P—408 - . 1.9t 831.04 1266.14 83158
TFO-P=s12aMIL) | 191 746.48 113232 733.53
TFI0-P-412A(A/8) 187° 89.79 1058.66 1240.06
TE34-GE-2 1.96 993.05 1499 71 628.97
TFa1-A-2 192 88*™ N 1350.06 755 92

c. Exhaust Stack Design. The exhaust stack calculations involve
only two simple equations, both derived fram the basic continuity equation.

If the exit area is chosen and the resulting exhaust velocity is to be
determined, the following equation is used.

W R T
se a te
vle P A g (38)
a se

If the maximum exit velocity is set and the resultant exit area is to be
calculated, the following equation is used.

2 o se "aTre (39)
se P V g
a se

The units used in thegse two equations are:

Ww__ (1lb/s)
se 2 2
R‘ = 1716 £t /s °*R
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», (1b/£t2)
g= 32.2 tt/.
v“ (ft/s)
'.l'u (°R)

2

As stated previously, exhaust stack calculations should be made by
assuming ambient conditions that would produce either the highest velocity or
area. By designing for the worst case, all other operating conditions will
remain within limits. The worst case results with high ambient temperature
and low ambient pressure. Therefore, it will be assumed that:

T, = 120°F = 580°R
P, = 13.00 psia

With these assumptions it is first necessary to recalculate the exit
temperature, '1'“, by using equations (8) and (37) and the worst case ambient
temperature. As mentioned above, the values of ¢ and R already calculated can
still be used because of the slight effect ambient conditions have on these
quantities. Then either the velocity or area can be calculated from equation
(38) or (39) respectively.

The final step using the above assumptions is to determine the length and
width of the exhaust stack flow area. The exhaust stack should allow for 6
inches of clearance on either side of the Coanda surface.

Therefore the exit width is given by:

Sgy = By * 12 (40)

and the resulting length is:

3 A _(144)

g L - 88 (41)
. e 8

L" ew
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Egquations (38) through (41) can now be used for the necessary exhaust
stack calculations. These calculations have been done for common Havy engines
and the results are given in tables 3-9 and 3-10. The required exhaust areas
for the individual designs in table 3-9 were obtained by using a maximum
exhaust velocity of 255 ft/s. Only the results for the afterburning case are
given as they represent the design condition producing the largest required

area .

Table 3-9. Exhaust stack performance results — engine specific.
".m '."3.0” V.-HG'IIO

LIECTOR t’slr“:c“:‘ ExnAUST | exmaust | exmaust
ENGINE e ot SYACK STACK STACK
TEMP Ll AREA wmOTH LENGTH
Tem o8 Toen Ry N S @ Lo in
B B [t ;T Y% “Tear 576 A
JB7-P=420(MiL) 1220.62 829.05 - - -
387-P-420(A/B) 2289.11 1260.30 126.7¢ [ <X} 28745
00-P-3A 1270.3 848.88 2043 3.0 $4.05
J19-08-10iWIL) 182.7% 798.19 - - -
J79-GE~10(A/8) 2401.37 128278 123.08 879 308.23
J8-GE-4A 1407.83 896.37 19.22 326 $4.90
TFO-P-408 1428.14 900.9¢4 116.93 578 20° .0
TF-P-412A0M1) 1008.84 780.0? - - -
TEI-P-412A(A/0) 2382.08 1284.40 151.82 778 21.00
TEAV=A=2 lni .li gg.li 112. ﬂ "n
Table 3-10. Exhaust stack performance results —
standard Coanda system.
Ta=300°R Py« 13.0mis Ay = 150 it*
EXHAUSY | Exmausy
Greron | “evack STACK
(T e exiv ey
o o0 TEW viL
T B Vo A
B2-r-408 1332.70 87818 121.04
BT -P-420(MIL) 1277.82 [ 3%, 142.82
B7-P=-4201A/8) 2172.36 1202.42 22087
M0-P-3A 1234.06 84516 3.02
J19~-GE-10(MIL) 1210.6% 826 51 122
J79-GE~(A/B) 221284 1218 14 2.0
A8~-GE-aA 12%3.70 83.12 36 12
TE0-P-408 135147 877.67 20092
TE30-P-412AIMIL) 109% 20 778.98 168 16
TEIN-P-412A(A/8) 2382.09 1284 .40 8.08
TENM-0E-2 $26.50 873,60 LS
Tre1-A-2 1188.5% 902.82 205 .64
127

£ v

ols

P |

A SROUIRIP N S WA

LR |




QOO SN R UL

s
b
h
3
-
3
-
3

.
o
b -
K

Al S e

k]

R P A Chorun)

B

SRAEL A 20N

O AL VY

R AR SR Ny o

d. Secondary Air Inlet Design. The secondary air inlet acoustic panels

use a perforated plate with 50% open area ratio and 5/64-inch-diameter holes.
If this design is adhered to, the empirical curve on figure 3-24 can be used
to calculate the total pressure loss through the acoustic panels.
recommended design the channel height, H, is 4.875 inches; therefore, from

figure 3-24,

1y

[ tin}
. l — Liin

M; SOAR 8/64" DIA] pu He

H(in) Pti —=
‘ «z PERF PLATE
X102 -F T i

APy = Pyj ~ Py
He=CAVITY CHANNEL HEIGHT (in)

aPy 10 4
Pl WoMm;2 H
7
¢
8 <

4
x109
3 4
28 4

1 -r Tt et
1 18 2 263 4 8 & 7 89

H inches

Figure 3-24. Normalized total pressure loss function vs channel height.
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where:

L = 144 in (based upon tests)
’u - P. {psia)

and lli is given by the following equation:

lia\/——

M = (.0204) (43)
1i° PA g Al:l.

where:

(lb/ft )
(ft. )
(‘R)
(lb/s)
R = 1716 £t /l °R

The secondary inlet flow is a combination of the Coanda entrained flow
and the second- and third-stage ejector entrained flow. Therefore:

W.=¥W +W_+Ww (44)

si cs 28 3s

Bquation (43) is used when the inlet area has been specified. If the maximum
inlet velocity is specified (140 ft/s for the panel design), then the inlet
Mach number is:

M =oT (45)

and the required inlet area becomes:

wli Rt Ta

- (46)
s P.v.ig

I M b KA A M

e %W me.s % E_0_°*
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Equation (42) gives the decrease in total pressure from the beginning of
the inlet to the acoustic panel exit.

Therefore:

P =P - AP (47)
Since, P . = P.
Then:

't. - P. - Apti (48)

The pressure loss into the Coanda enclosure is the combination of the
pressure loss through the panels (given above) and the pressure loss due to
the sudden expansion in flow area at the exit of the panels. The sudden
expansion loss is given by:

2
Pt° - Ptc = 0.7 ’e"e xt (49)
vwhere xt is the sudden expansion loss coefficient and is defined as:

2
- (1 -8B
K = (1 uc’ (50)

Since H equals 4.875 inches and with 12-inch panels Hc = 16.875, then:
xt = 0.506

Calculation of the panel exit Mach number, Me, and the panel exit static

pressure, Pe' proceeds as follows:

First calculate the exit weight flow function defined as:
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W= (51)

'r‘ = ambient temp (°R) {
w'i = inlet air flow (1lb/s)

2
Ali inlet area (ft.")

P _, = Panel exit total pressure ( psia)

By using the value of wt obtained from equation (51) and the tables to }
appendix A, it is possible to detemmine Hc and PO/P“. (In the tables these
values would be M and P/Pt.)

Then, using the value for the ratio P./?“ and the value of Pt e from equation
(48):

P_=P (52)

with the value of Pg, and the value of ne from the tables in appendix A, Pte

is calculated from equation (49).

Finally, the cell depression in inches of water is given by: ;

Negative pressure = 28.10 (P a " Ptc) : (53) o

where P‘ and Ptc are in psia.

The procedure outlined above was used to calculate the cell depression in
the plenum chamber of the Coanda enclosure both for the individual designs and
for each engine operating in the Standard Coanda. Por the individual designs,
the inlet velocity was set at 140 ft/s and the resulting cell depression and
required areas were calculated. As the inlet velocities were the same, the

Tota P aataalaad LR IYL

PR |

cell depressions were all the same. Calculations were made for the worst case
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(ie, T, ™ S80°R and P_ = 13.0 psia). The Standard Coanda design has a fixed
inlet area of 96.7 £t~ and therefore, calculations were made for inlet
velocity and resulting cell depression. The results are shown in tables 3-11
and 3-12. It is apparent that the larger turbofan engines (TF30, TP41, and
TF34) exceed both the inlet velocity limit and the cell depression limit (6
inches of water). This indicates that these engines require a larger Coanda
exhaust system. This system is congsidered in detail in a later section.

Table 3-11. Secondary air inlet Table 3-12. Secondary air inlet
results - engine specific results, standard Coanda Ta-580°R
T =580°R P_=13.0 psia P =13.0 psia A_ =96.7 ft.>
a a a si
-
vsi 140 ft/s
SECONDARY |SECONDARY SECONDARY | SECONDARY |  COANDA
ENGINE Al: INLET | AIR INLET ARINLET | AIRINLEY | ENCLOSURE
Low AREA ENGINE FLOW VELOCITY CELL
Wi W A 2 Wi Wi | Vi ts | DEPRESSION
$2-P-408 582.04 ~68.74 in H20
257-P-420-1MIL) ®9.72 82.52 B2-P-408 §17.38 88.34 185
B7-P-420(A/8) 628.84 74.16 B7-P—-420(MIL } 625 34 106.77 2.74
J80-P-3A 152.09 17.93 57-P—420(A/8) 71281 1239 368
JT9-GE-10(MIL) 649.81 76.64 180-P-3A 151.0€ 25.79 0.343
J78-GE-10(A/8! §14.12 7243 £19-GE-10(MeL i 8552 1 94 .75 225
W5-GE-4A 135.20 15.94 J79-GE-101A/8! 611 15 1760 327
TFI0-P-408 82297 97.18 B5-GE-4A 159 9% 27.32 0343
TFIO-P-412A(MIL) 799 87 94 23 TFI0-P-408 99, % 154 06 5 5¢
TEIO-P-412A(A'B) 740 14 87 2¢ TFI0-P-412A'MIL) w7 12762 a¢-
TF41-A-2 870 717 102.649 TEI0-P-412A(A B 745 a4 12€ 38 376
TF34-GE-2 1060 52 181.08 763
TFa1-A-2 967 ac 16¢ 19 €51

NOTE: Negative pressure for each

case = 4.67 inches Hzo

e. Primary Air Inlet Design. The primary air inlet calculations for

cell depression and required inlet area follow the same procedure as that out-
lined for the secondary air inlet. There are only a few changes in some of

the parameters involved.
Since the first stage of the ejector set is the only one that communi-

cates with the cell room, the primary inlet flow is the sum of the engine
airflow and the air entrained by the first ejector stage.
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Therefore:
Wpi = wp + wl. (54)

Then wpi is simply substituted for w.i in the equations of the previous

section for secondary inlet design.

The recommended inlet design uses the same perforated plate and 12 inch
panels used in the secondary inlet with several changes. The channel height,
H, is 7.25 inches, which gives a sudden expansion cavity height, nc. equal to
19.25 inches. The recommended length is 96 inches.

Using these values:

ap

ti = .003 (55)
o 295 2
" i
and:
g 2
K, = (1° i) - .3886 (56)

By using these changes and the fact that the maximum inlet velocity is 90
ft/s, calculations can be made for required inlet area and resulting cell
depression. As before, these calculations have been made for the worst case
(Ta = S580°R, P, = 13.0 psia) and the results tabulated in tables 3-13 and
3-14. 8Since the areas were calculated to maintain the inlet velocity at 90
ft/s, the cell depression is the gsame for all cases. For the afterburning
engines, the larger of the areas between A/B and military power should be
selected for the design.

It was stated earlier that a larger turbofan Coanda would be recommended

for the nonafterburning turbofan engines because certain operational limits in
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the Standard Coanda are exceeded.

The logical approach would be to use table

3-14 to select the largest required inlet area (minus the TF34, TF41, and TF30

\
2

non-A/B).

This then becames the design area and the operation of the other

engines with this inlet can be calculated.

selected as 61 square feet.

From table 3-14, the inlet area is

The resulting inlet velocity and cell depression

were calculated and are shown in table 3-15.

Table 3-13.
results - engine specific
T =580°R P =13.0

s a -

psia=90 ft/s.

Primary air inlet

Table 3-14. Primary air inlet
results - standard Coanda 'ra=580°R

Pa=13.0 psia Vpi-90 ft/s.

PRIMARY PRIMARY PRIMARY PRIMARY
AIR INLET | AIRINLET AIR INLET | AIRINLET

ENGINE FLOW AREA ENGINE FLOW AREA

W, s Ap 12 o, oA Ay h?
B82-r-s08 22353 40.82 %2-P-408 21.26 38 76
287-P-a20(MIL) 273.24 5013 &7 -P-4200MIL) 258 04 4734
%7-0 . A/B) 257.86 4731 MB7-P-420(A/8) 785 88 52.45
J80-P-3A 63.88 11.72 J60-P-3A 6726 12.39
S19-GE-10(MIL} 24976 45.82 J79-GE-10(MIL) 23113 4240
D9-GE-101A/8) 24517 a4 98 J79-GE-10{A/B) 268 02 4917
GE—ea 56 58 10 38 JB5-GE~4A 66 72 12.24
r'::o- r—a08 338 1 6208 TF30-P~408 362.86 66 75
TF30-P-s12AIMILI 336.72 80,67 TFI0-P-412A1MILI 33129 6078
TF0_P a1 2AIAEI 118 52 o 43 TFI0-P~412A(A/8) 3852 58 43
TF&1-A-2 157 2t 64 b TF34-GE-2 4rQ 10 8657
TE41-A-2 3826 70 19

NOTE: Negative Pressure = NOTE: Negative Pressure =
1.09 in. HZO 1.09 in. HZO

Table 3-15.

Fixed geometry primary air inlet

results - standard Coanda exhaust design.

Inlet Area = 70 ftz, '1‘a = 580°R, Pa = 13.0 psia

PRIMARY PRIMARY
AIRINLET AIR INLET CELL
ENGINE FLOW VELOCITY |DEPRESSION

W, b Vo, hA in H20
B2-P-400 21126 56 64 0410
2B7-P-420(MIL! 258 04 96 62 062t
87 ~-P-420tA/B) 285 .88 76.70 0.791
0P -3A 67.26 17 7€ 0.303
Jr9-GE-10(MmiL} 2192 62.54 0.531
519-GE-10(A/8) 26802 71.98 0.682
JB5-GE-4A 66 72 12.70 0.304
TFIO-P-412A(MIL) 331 29 89.68 1.090
TFI0-P-412A(A/8) 318.52 8614 097

134

P U S W

D ot e a4 . w




S A

A L D B

f. Engine Enclosure Design. The total cellroom flow is the sum of the

engine primary airflow and the first-gtage ejector entrained flow. This total
flow exists only up to the face of the engine. Beyond the engine face, only
the first-stage ejector entrained flow is left. Therefore, the maximum cell-
room velocity with respect to the walls would be between the inlet and the
engine face. This velocity is calculated very easily from the following

equation.

_pi _a a (57)

where:

vcell = cellroom velocitg ft/s

A = cellroom area ft
cell

T‘ = ambient temp °*R

Pa = ambient pressure lb/tt2

R = 1716 £e2/8?

= primary inlet flow 1lb/s

)
pi 2

g = 32.2 ft/s

To be precise, the pressure used in equation (57) should be ambient
pressure minus the cell depression. However, the error in the velocity
calculated by using ambient pressure is insignificant.

Calculations of maximum cellroom velocity were made using the cross
sectional area of the demountable test cell, which is 225 square feet. Again
the worst case was used ('l'a = 580°R, Pa = 13.0 psia). The results are shown
in table 3-16. As can be seen, all velocities are well below the maximum
allowable of 50 ft/s.

In general wvhen an engine operates in a test cell enclosure its perform-
ance will be different from runup pad operation. One way to minimize this
effect is to decrease the static pressure difference between the engine inlet
and exit. This is the external static pressure due to the flow over the
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engine. In the coanda system, the only airflow over the engine is that due to
the first-stage ejector flow. This flow is very small compared to alternate
designs which use augmenter tubes. The static pressure difference is corre-
spondingly low. However, for completeness, the following technique has been

developed to calculate this difference.

Table 3-16. Maximum cellroom velocity. T_ = 580°R

Pa 13.0 psia Acell 225 ft
MAXIMUM CELLROOM [MAXIMUM CELLROOM
VELOCITY FOR VELOCITY FOR
ENGINE INDIVIDUAL UNIVERSAL
COANDA SYSTEMS | CUANDA SYSTEM
Veall s Vesll  tUs

J52-P-408 16.4%5 15 50
J57-P-420(MIL} 20 18.93
557 P-420(A/B} 18.98 20.98
J60-P-3A 4.70 493
179-GE~ dMiL) 18.38 16.96
J719-GE-10(A/8) 18.04 19.67
285-GE-4A PR 4.90
TF30-P-408 24.91 26.70
TF3I0-P—-412A(MIL) 24.34 24 21
TF30-P--412A14/8) 2344 2337
TF34-GE-2 - 3223
TF41-A-2 2593 28 08

The basic approach is to determine the Mach number at both the cellroom
inlet and the first-stage ejector from which the ratio of static to tntal
pressure can be ohtained from appendix A. Since the total pressure is known
(ambient pressure minus the cell depression), it is a simple matter to calcu-

late the static pressure at both places.

Since the secondary flow will usually not occupy the total available
area, it is necessary to determine the actual area the flow will use. Experi-
mental evidence has shown that at the inlet plane, the flow will occupy 90% of
the total cell cross-sectional area regardless of engine size. At the exit
plane, the flow will occupy 153 of the available area (cell cross-sectional
area minus the engine exha - nozzle area). With this information, the

following equations can be used to calculate the respective Mach numbers.
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From the engine inlet plane:

w1s Ra JT‘
P Ag

tc

M = ,0204 (58)
x

and for the engine exit plane:

w13 Rh Ta

M = ,0204 ——————————m (59)
P A

Yy te g

Using the Mach numbers calculated above and the tables in appendix A:
P = =—P (60)

and:

(61)

Since Px and Py are the static pressure in psia, the pressure difference

in inches of water is given by:
AP = 28.10 (Px - Py) (62)

‘This procedure was used to calculate static pressure differences for
engines operating in the individual Coanda designs as well as operating with
the Standard Coanda exhaust system. All calculations used a total cellroom
area of 225 square feet and assumed worst day conditions (T‘ = 580°R, Pa =
13.0 psia).

137

PORTIET WSS

DAY Y TR

Y SRR TN

ieaiatalatata ad

Y |




b
4 The results are shown in tables 3-17 and 3-18. As can be seen, the
3 differences are all extremely small because of the very small airflow over the
;.! engine using the Coanda exhaust system.
.
&
b .
> Table 3-17. External engine static pressure difference
-
i between inlet and exhaust-engine sgpecific.
2
= ° = =
'ra 580°R Pa 13.0 psia Acell 225 ft
[
o FIRST STAGE CELL CELL ATIC
, EIECTOR | wAcHwo. | macwwo | STAMIC
: ENGINE ENTRAINED [ENGINE .NLET] ENGINE EXIT omsstsagncs
FLOW PLAKE PLANE :
¥ "y, ", ™ P in W20
- 52-P_408 7753 000536 0.0324 0.232
{ . I57-P-420tM1L) 88 24 000610 0037 03
.: JS57-P-4201A/8! 7% B C 0044 00300 0223
b - 160-P-3A ™ 000100 0 0060 0 00E.
v-" J79-GE-10(MIL) 82 7€ 000572 00350 0 256
- J79-GE-10iA/8! %N 0.00519 0.032¢ 0 2%
e JOS-GE-4A 12.98 0.00100 0.0050 0 006
i TF30-P-408 g1 &1 0.00562 00340 0 289
B TF30-P-412A(MIL ) 88.7: 000613 00370 0 344
TFI0-P-412A(A/R) 75.5% 000522 0.0320 @ 25%
i- TFa1-A-2 89.2¢ 000617 0.0380 0 362
3 Table 3-18. External engine static pressure difference between
E_ inlet and exhaust planes - standard Coanda exhaust system.
5 T = 580°R P = 13.0 psia A = 225 ft
! a a cell
FIRSY STAGE CELL CELL
EIECTOR | MACHNO. | MacHwo. [ STATIC,
ENGINE ENTRAINED ENGINE INLETI ENGINE EXIT [ o oo e Lce
: FLOW PLANE PLANE LT o
11 Wi i ", "y ' F2
- B£2-r-408 66,26 0.0045 0.0272 0.182
f:‘ 557-r-420(MIL) 73.04 0.0050 0.0307 0.239
k,..—- B7-P-420(A/8) 99.88 0.0069 0.423 0437
t_j. 280-P-3A 17.76 0.0012 0.0074 0012
] J78-GE-10(MIL) 6413 0 0044 0.026k 0182
. J79~GE-10(A/B} 98 07 0.0068 00412 0417
L. J85-GE-4A 2312 0.001¢ 06.00%¢ 0024
- TF30-P-408 106.86 0.0074 0.045C 0 504
K TFIO-P-412AIMIL) 89 2¢ 00062 0037 01%9
. TF30-P-412A1A/B) 7% 52 0.0052 00314 0439
: TF34-GE-2 101.19 0.0070 004> 043¢
5 TEa1-A-2 119.6% 0.0083 0.0500 06227
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) 3. Acoustic Considerations.

! As discussed in the previous sections, the dimensions and configura-
tion of a Coanda/refraction type exhaust noise suppression system are derived
primarily from the aerodynamic and thermodynamic characteristics of the
engines to be tested. Engine exhaust nozzle diameter, temperature, mass air
flow, and pressure ratio are the basis for calculating the ejectors and
deflection surface parameters and for sizing the acoustic enclosure, including
cooling air inlet and exhaust stack.

r‘r—v—-rv-w‘ - Ehiaasni ol ST

The acoustic performance of the overall suppressor system is determined
by the acoustically lined elements comprising the cooling air inlet and
exhaust stack with acoustic enclogure. Noise reduction requirements for each
of the suppressor elements were determined analytically and experimentally. i
The noise spectrum generated inside the suppressor enclosure is determined by 1
the effects of the ejectors and Coanda burning surface on the jet mixing
process, the confinement of the noise source in the enclosure, and the effect
of the enclosure average room absorption coefficient on the total sound power
produced by the engine. 4

a. Standard Coanda System Acoustic Development. The actual acous-

tic performance characteristics of the Standard Coanda/refraction system were
developed to reduce the bare engine noige levels of the TF-30-P-412 engine in

PP TN T T /e 1% SR

afterburner power to acceptable near (less than 100 feet) and far-field

(greater than 100 feet) levels. The iterative design and test procedure is
described below.

:
P
4
d

Full-scale experimental model tests achieved a far-field noise level of
90 dBA (measured along a circle of 250 foot radius centered at the exhaust
stack) and a near-field noise level of 97dBA (measured along the "Air Force 20

feet rectangle”) with a J-57-P-20 engine at afterburner power.

The success in reducing the near-field noise, directly outside the enclo-
sure walls, to 974BA (the experimen-al acoustic goal was 125 d4BA) is attri-
buted to the 4design approach for the enclosure walls. The double-wall design

features tuned hollow panels with interior acoustic treatment and vibration

L ot b aB o RSN L ogw s U aun SR
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isolators. This approach was especially effective in reducing low frequency

noise. This same configuration is used in the Standard enclosure design.

The success in reducing the far-field noise to 90 ABA is attributed to
optimum selection of acoustic elements. A significant design technology

outcome was discerned:

° The lined exhaust stack and internal acoustic elements are
sufficient to achieve 90 ABA in the far field without inclusion of acoustic
lining material in the exhaust stack.

® Improved acoustic performance of 85 ABA and 80 dBA is feasible
by utilizing a combination of the various acoustic elements (stack extensions,
additional exhaust stack lining material, use of acoustic treatment of plenum
floor area, and use of acoustic wedges in plenum) which were evaluated during
the scale-model tests.

b. Standard Coanda System Acoustic Properties. The estimated

far-field acoustic performance of the Standard Coanda/refraction system with
the TF-30-P-412 engine at afterburner power is approximately 88 dBA. This

calculated value is based upon:

o Projected acoustic properties of the suppressor elements.

° One-sixth scale-model tests using a scaled TF-30 engine nozzle
to determine comparative effects of several types of exhaust stack acoustic
linings and various configurations of internal acoustic absorptive baffles and
panels.

° Extrapolation of actual full-scale acoustic performance with the
J-57-P-20 engine at afterburner power to the distinct acoustic spectrum SPL of
the TF-30-P-412 engine at afterburner power.

o Shortening of the Coanda surface from 90° to 65° turning angle,
but maintaining a 40-foot stack height, thereby allowing the exhaust gas path
to traverge a greater length of lined duct in the exhaust stack after leaving
the top of the Coanda surface; ie, 23 feet of lined duct length versus 14
feet.

Ce. Improved Acoustic Performance. The following design techniques

may be implemented in order to achieve improved performance from the Standard
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% system. These alternatives were tested and analyzed during the full-gcale
; model program (ref 15) and the final one-sixth scale-model program (ref 19).

! It is at the discretion of the designer of a particular test cell installation
. to employ one or a combination of several of these techniques.

) With the same exhaust stack design and material selection as the
Standard system, an additional 8-foot length of stack is estimated to have the
following effect on far-field noise reduction (taking ’‘nto account atmospheric
absorption and directivity):

(i) Bstimated TF-30-P-412 engine at afterburner power SPL at 250
feet from Standard Coanda (40-foot stack height) exhaust stack in octave bands
63 through 8000 Hz

63 125 250 500 1k 2k 4k 8k
94 92 82 84 8 83 77 75

which is equivalent to 88 d4BA.

(ii) Acoustic effect of an additional eight-foot section is 1
experimentally and analytically determined to be {

=5 =6 -8 =10 =11 =9 =§ -3 ‘

(iii) Improved SPL

89 86 74 74 75 72 72 712

(iv) Apply "A" scale weighting factors

=26 =16 =9 =3 0 +1 +1 -1

19 Naval Air Engineering Center, Jet Engine Class "C" Test Cell Exhaust

System Phase - Coanda/Refraction Noise Suppression Concept Advanced Develop-
ment, WAEC-92-113, May 1979

cd R atacaen.
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(v) Combine the following levels acoustically

63 70 65 71 75 73 73 71

vwhich is equivalent to 82 dBA. The improved acoustic performance with the
additional stack height is 6 d4B.

) The deck-mounted acoustic absorptive panels, which were evalu-
ated during the full-scale model tests and described in reference 16, produced
a far-field noise reduction effect of approximately 2 dBA. Caution needs to
be taken to prevent a build-up of jet fuel by the floor elements located below
the ejectors and deflection surface.

e The 1/6 scale-model unit hollow enclosure walls were lined
acoustically during the test program. While this neither hampered nor en-
hanced the low frequency noise reduction capability of the hollow-wall design,
it was effective in providing an additional 1.5-dBA far-field noise reduction.
The lining is described in reference 16.

) The Standard system acoustic performance is based upon an
exhaust stack lining thickness of 16.5 inches. Based upun comparative analy-
sis from the final one-sixth scale-model tests, an estimated 3 AdB per octave
band (approximately 1.4 dBA overall) of additional far-field noise reduction
was achieved with the exhaust stack lined with 24 inches of the same material.
The exhaust stack open area must remain constant in both cases — this means
that the exhaust stack overall cross-sectional dimensions will be different by
approximately 15 inches.

) During the final one-sixth scale model tests, dual wedge-shaped
acoustic absorptive elements were located at the bottom of the exhaust stack.
1hese two wedges in full scale are equivalent to 8 feet in depth with a base
width that is half the width of the back wall. The face sheet is 50% open
perforated plate and the backing material is Johns-Manville Glas-Mat 1200
(ref 17). These elements provided a significant reduction of overall
far-field noise levels (especially low frequency components). Since model
tests indicate disturbances in the aerodynamic and thermodynamic characteris-
tics in the exhaust flow, this design technique shall be considered only with
trade offs involving an increased Coanda surface turning angle of 73 degrees
and an increased stack height.
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d. Useful Coanda Data

Reference 20 presents a computer program set for basic Coanda
systen design. Reference 21 provides a reliability analysis of the Coanda
design. The reliability analysis is a projection and not based on full-scale
operational Adata.

}
1
3
]
K
-
K
3
20 Raval Air BEngineering Center, Coanda Design/Performance Program Set, NAEC
Design Data 92-194, November 1979 1
E
21 Naval Air Engineering Center, Reliability Analysis for the Coanda/Refrac- ‘
tion Noise Suppression Test Cell System, NAEC Design Data 92-211, 23 May 1980 R
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IV. COST AMALYSIS
:! A. INTRODUCTION

The purpose of this section is to acquaint designers with the basic tools
and methods for incorporating cost analysis as a part of the Ary suppressor
design process. This section summarizes previous work accomplished in cost/
benefit analysis of air-cooled Hush Houses (ref 22 and 23). The following
documents should be consulted for further background and discussion of related
topics since the treatment here is brief. Additional references that provide

greater depth in the cost analysis process are:

o DoD Instruction 7041.3 "Economic Analysis of Proposed Department of
Defengse Investment."

T
DA

o Life Cycle Costing Procurement Guide: ICC-1 Department of Defense,
July 1970.

v
’ [.
Vo M)

o Casebook Life Cycle Costing in Equipment: LCC-2, Department of
Defense, July 1970.

o Life Cycle Costing Guide for System Acquisitions: ICC~3, January
1973.

o Economic Analysis Handbook, NAVFAC P~422, Department of the Navy,
Naval Pacilities Engineering Command, June 1975.

Y LT AL At a g A8 A
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This section attempts to acquaint the designer with (1) design and pro-
gram parameters applicable to dry suppressors, (2) cost calculations, (3)

A

identifying a cost effective suppressor design, (4) assessing cost risks, and

(5) evaluating costs of new technology.

Chacynd

22 Science Applications, Inc, Report, Benefit/Cost Analysis of U.S. Navy Jet
Engine Test Pacilities, Stephen Kornish, November 1976 - reproduced as NOSC TN
126, April 1977

23 Science Applications, Inc, Report, Study of Noise Suppression Systems: A
Cost/Benefit Analysis, Stephen Kornish and David Jordan, October 1978
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The results of the cost/benefit comparison will provide the decision-
maker a ranking of alternatives using one of the following criteria:

o0 Least-cost alternative (equal-benefit case).

© Maximum benefit (at a given level of cost).

" o0 Unequal benefits and unequal costs. (This case requires judgment.
¢ The critical question is to determine whether the extra effectiveness of a
given alternative is worth the additional cost it requires.)

The remainder of this gection illustrates the above methods by summariz-
ing previous work accomplished for the case of the NAS Miramar air-cooled

5 augmenter tube acoustical enclosure (ref 22 and 23).
B. OBJECTIVES

The primary objective of the dry suppression system is the cost effective

reduction of maintenance runup jet noise. The noise control criterion estab-

LM RN Saur s

lished by the Navy for aircraft ground runup of engines is 85 ABA at 250 feet

from the engine exhaust plane. A system that meets that condition and has a

P

life cycle cost less than competing technical alternatives would be the pre-
ferred system. In addition to the primary noise criterion objective many

secondary benefit objectives exist in operational and programmatic areas.

C. ALTERNATIVES POR ABATING AIRCRAFT GROUND RUNUP NOISE

The Navy is continuing its efforts to provide fleet support for jet
engine maintenance testing while reducing the overall testing costs. The two
air-cooled noise suppression technologies are alternatives to the existing
water-cooled test cell techniques. The air-cooled technologies have
capabilities for in-airframe testing and/or conveational out-of-airframe
testing.

There are six terminologies used to describe methods of abating

aircraft/engine runup noise. Some of the terminology refers to the same
general device.
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Test stand.
the capability to be tied down to restrict movement.

A metal device which cradles the jet engine. The device has
This device can be

located in the open air (test pad) or inside test cells Hush Houses.

Test Cell.
enclosure to house the bare engine and an augmenter tube (wet technology

A concrete or metal building which consists of a forward

before the 1980s8) to cool and direct the exhaust flow.

The purpose is to

decrease bare engine maintenance runup noise.

New test cells may use the new

air-cooled exhaust technology.

Acoustical Enclosure (also called Hush House).

for maintenance runup testing.

enclose the aircraft and air-cooled exhaust section.

A full aircraft enclosure

It consists of a forward enclosure to totally

The forward enclosure

can accommodate a variety of aircraft types.

Noise Suppressor.

A device, usually metal, used to reduce maintenauace

runup noise for aircraft.

The aircraft is backed to an exhaust section and

acoustic devices are moved around the engine inlet area. The aircraft is not

fully enclosed. The device can only accommodate one aircraft type.

Demountable Suppressor. A modularly constructed suppressor. Usually it

Some test cells (small engine/metal constructed) and most noise

is metal.
suppressors (see previous description) are commonly referred to as
demountable. This implies the device can be disassembled and moved to a new
location. For most test cells or noise suppressors called demountable, this
may be possible but not practical.

Hybrid Suppressor. A new term emanating from the air-cooled acoustical

enclosure. It defines the capability to perform in-airframe, fully enclosed
aircraft maintenance runup or test cell-like bare engine (on a test stand)
maintenance runups in the same facility. This allows full use of a facility
at small/low use activities in preference to constructing two devices (ie,
test cell and acoustical enclosure).

1. In-frame Testing. Several facility types offer alternatives for jet

engine in airframe testing. These are acoustical enclosure (Hush House) with
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an air-cooled augmenter tube, acoustical enclosure with the air-cooled Coanda,
and noise suppressors (usually water-cooled).

Alr-cooled augmenter tube acoustical enclosures have been designed and
implemented at fleet activities (Naval Air Station, Miramar and MCAS, El
Toro). Air-cooled Coanda suppressors have been tested at full scale as a
possible alternative to the augmenter tube technology although no hardware has
been used at fleet activities or tested for multiple-engine aircraft applica-
tion. Originally, eight sizes of air-cooled acoustical enclosures underwent
preliminary design to accommodate a variety of aircrait types, with larger
designs accommodating a greater variety of aircraft.

Noise suppressors have had limited employment in the past both by the
Navy and the Air Force since these suppressors are unique to a particular
aircraft and cannot accommodate a mix of aircraft types. The A-7 noise
suppressor is an example of one that has been built and is still operational
at NAS, Alameda. 2An F-4 noise suppressor, formerly used at MCAS, El Toro, has
not proved effective and is not used today. The Air Force has used a variety

of noige suppressors in recent years.

2. OQut-of-Frame Testing. Several facility types are current alterna-

tives for jet engine out-of-frame testing. These include retrofit of current
test cells with the air-cooled augmenter tube or the air-cooled Coanda system,
and the current technology which uses A and C type cells with wet exhaust.

Existing methods of cooling exhaust employed at Navy jet engine test
cells use water spray immediately downstream from the aircraft engine. Water
spray application as a coolant results in higher energy and water costs, waste
water treatment costs, and loss of water due to evaporation. Repair and re-
pPlacement rates are also increased by water-enhanced corrosion and repetitive
cycles of soaking and drying rapidly as water is converted into steam. The
Navy is considering the application of air-cooled Coanda or augmenter tube
modifications to existing C cells to improve this gituation.

3. Pacilities for Both In- and Qut-of-Frame Testing. Since jet eng:ne

in-airframe test requirements at some Naval and Marine Corps air stations are
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at a sufficiently low use level, it is practical to design a hybrid facility.
This facility uses the flexibility of the air-cooled technology which
accommodates a large range of aircraft types while still providing some engine
testing. Both full aircraft hold-downs and a mobile engine test stand are
provided in the facility.

D. DEVELOPING THE COST ESTIMATE

Life cycle cost (LCC), used as the framework for developing the cost

estimate, includes the following phases:

e Design and development
e Investment

[ ] Operations and support (annually for the equipment life)

The method to be followed in developing the estimate includes:

® Developing a comprehensive work breakdown structure (WBS).

) Developing the estimate for each element of the WBS. For
consistency, use constant dollars; viz, 1978.

e Time phase the estimate.
e Calculate total ICC.

e Develop discounted net present value and uniform annual cost data to
account for the time value of money.

Since the acoustical enclosure (Hush House using an augmenter tube) cost
data base has the best documentation, it is used to illustrate more detailed
life cycle cost information and data. Since facilities have a relatively long
life, these concepts have significant impact on determining economic worth of

alternative investments.

Life cycle costs in this section are for selected program alternatives.
A work breakdown structure can be utilized as a guideline for establishing the

framework for the life cycle cost analysis. This is shown in table 4-1.
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Table 4-1. Nominal life cycle cost work breakdown structure.

Nonrecurring Cost

Research and Development

Facility Investment
Land acquisition
New construction
Rehabilitation or modification
Collateral equipment
Plant rearrangement and tooling
Demolition and site restoration
Personnel (recruitment, training, etc)

Nonrecurring services

Recurring Annual Costs

Personnel
Military
Civilian
Operating Costs
Materials, supplies, utilities, and other services
Maintenance and repair
Overhead
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All cost data are normalized to the FY78 dollar level. In addition, all
program costs are delineated in terms of annual cash flows to permit the de-

velopment of discounted and net present value.

Cost data and resource estimates have been primarily obtained from exist-
ing studies, NAVFAC, NAVAIR, USAF, NAS, NFEC, etc. The data vary in the level
of confidence and detail available. Acoustical enclosure (Hush House) costs
and estimated data collected in this study have excellent documentation. Other
suppression system (eg, Coanda facility) costs are less well understood.

There are various reasons for this, including factors such as the relatively
"early" development staée of a particular design. Since there is greater
uncertainty in costs for such devices, it is appropriate to conduct
sensitivity analyses to explore the impact of changing key assumptions and
parameter values on the results of the cost/benefit study. Sensitivity
analysis, when used appropriately, can in effect direct attention to key

issues.
E. ACOUSTICAL ENCLOSURE (AUGMENTER TUBE) LIFE CYCLE COST

Life cycle costs for the first enclosure located at NAS, Miramar are
presented in table 4-2. The costs, which are adjﬁsted to FY78 dollars, are
based on both actual costs that have been incurred (design and investment
costs) and estimated recurring operations and maintenance cost for a 20-year
life of the facility. These costs are essentially updated values that were
derived from reference 22. The investment cost or initial construction cost
estimate is based on the "Schedule of Prices" obtained from ROICC, San Diego
(NFEC). Recurring costs (with the exception of manpower) are based on NAVFAC
Southern Division estimates adjusted to FY78 dollars as follows:

Recurring Annual Costs:

Utilities $ 7392
Routine maintenance (Source: Public Works,
NAS Miramar) 10 000
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Replace inlet acoustical panels and refill

the augmenter in 6th and 16th year

Replace inlet acoustical panels and reline

in addition to refilling and augmenter
in 11th year

199 630

317 733

Annual manpower costs are based on FY78 pay and allowance rates for nine

personnel (two men per shift plus one supervisor for a three-shift operation).
The annual cost is $85 574.

Table 4-2. Acoustical enclosure (constant FY78 dollar level - in
thousands), NAS, Miramar Facility 1.

10% Discounted

Project Year Nonrecurring Recurring | Annual | Discount| Annual
Design Investment | Operations Cost Factor Cost

0 140.1 2011.2 2151.3 1.0 2151.3
1 103.0 103.0 .954 98.3
2 103.0 103.0 +867 89.3
3 103.0 103.0 .788 81.2
4 103.0 103.0 717 73.8
5 103.0 103.0 .652 67.2
6 302.6 302.6 .592 179.1
7 103.0 103.0 .538 55.4
8 103.0 103.0 .489 50.4
9 103.0 103.0 .445 45.8
10 103.0 103.0 «405 41.7
1 420.7 420.7 «368 154.8
12 103.0 103.0 .334 34.4
13 103.0 103.0 .304 31.3
14 103.0 103.0 +276 28.4
15 103.0 103.0 251 25.8
16 302.6 302.6 .228 69.0
17 103.0 103.0 .208 21.4
18 103.0 103.0 «189 19.5
19 103.0 103.0 . 156 16.1

Total 2151.3 2776.9 4928.2 3351.9 NPV
(44%) (56%) (100%)
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It is noted that the operating and maintenance costs are subject to some
uncertainty and could be subject to change. For instance, manpower levels are
dependent on policy of the local air station.

On the technology side, current research and development effort on design
changes to the augmenter tube (eg, new linings, materials, multiple tuned

resonator, etc) could potentially reduce O&M costs in the future.

Similarly, the possibility of lower O&M cost through the use of Coanda as
a replacement for the augmenter tube should be examined in future design
tradeoff studies.

Summary life cycle costs for the original series of acoustical enclosures
(with augmenter) designed by NAVFAC are shown in table 4-3. Also shown are

discounted ICC values and uniform annual costs.

A set of life cycle cost data for demountable (wet) sound suppression
equipments is also given in table 4-3. The derivations for these data can be
found in reference 22. The values shown span a range of investment costs as
well as estimated useful lives of 6 to 10 years. This parametric data set
will be used to illustrate the cost/benefit analysis of the acoustical enclo-

sure augmenter tube versus the wet sound suppressor.
F. COANDA SUPRESSOR LIFE CYCLE COST

Life cycle costs for the Coanda suppressor are not available. The only
full-scale Coanda system built was a test prototype. The ability of the

Coanr.a suppressor to handle a variety of aircraft/engines was not determined

during Fleet operations.
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Table 4-3. Summary of life cycle cost comparison acoustical
enclosure vs sound suppressors.
Type Life Cycle Life Cycle Cost | Uniform Annual Cost-
Acoustical Coat Discounted Discounted Values
Enclosures $x103 $x1o3 $x103
(20 yr life)
NAS, Miramar 4928 3369 377
Type, la 4986 3472 387
1b 4631 3117 348
2 4908 3395 380
3 4428 2914 326.
4a 4300 2786 312
4b 4194 2681 300
4c 4062 2548 285
5 3706 2192 245
Sound Suppressors - Wet
290k Invest
6 yr life 2588 1355 158
3 cycles
465k Invest
6 yr life 3110 1676 195
3 cycles
700k Invest
6 yr life 3806 2103 244
3 cycles
290k Invest
10 yr life 2489 1245 139
2 cycles
465k Invest
10 yr life 2837 1487 166
2 cycles
400k Invest
10 yr life 3301 1805 202
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G. DEVELOPING THE BENEFIT ASSESSMENT

3 The benefit assessment begins by determining the costs to be reduced. For

aircraft enclosures, these are:
1. Cost of Implementation

a. Capital improvements

Potiia A e mNans ac. Ak L BN 312e '2"2%2 s Bt b o d

b. Staff time

c. Consultant fees

d. Operational changes i

2. Long-Run Costs

-

a. Fuel consumption

2 amm

b. Maintenance

)

3. Costs of Affecting the Natural Environment

a. Degradation of air quality
b. Alteration of wildlife habitat

SFL SURNEY W 3 PP S S e ¥

4. Costs of Foregoing the Use of Installation Land

a. Where abatement in one place shifts
noise impact to another place

5. Costs of Restricting Off-Installation Land Use

a. Foregone taxes

b. Probable dampening effect on development

6. Costs of Permitting Noise Impact

a. Litigation
b. Physiological and psychological costs
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c. Reduction in usable land
d. Poor public image

e. Depressed land value

£f. Reduced economic activity

PP N

These benefits are generically comprehensive. The first two items, cost

TR

of implementation and long-run costs, essentially define life cycle cost which

y L=

we have already quantified. The degrees of life cycle cost benefit between

augmenter tube acoustical enclosure and the wet sound suppressor are treated
in the cost/benefit evaluation.

Aalab .S m

& A compendium of benefits established through literature searches and

FOUTIE VIS W

interviews conducted during the course of references 22 and 23 is illustrated
in table 4-4. Many of these benefits restate, in other ways, those already
cited above. The benefits are grouped in the following manner:

1. Benefits of acoustical enclosures

LS FCIV-FL W TR

2. Peculiar benefits of demountable suppressor

3. Benefits of dry suppressors

4. General benefits listing

H. BENEPIT/COST EVALUATION OF DRY AUGMENTER TUBE ACOUSTICAL ENCLOSURES VS
WET SOUMD SUPPRESSORS

The benefit/cost evaluation described here will consider the noise abate-
ment programs the Navy has previously undertaken; namely, the dry augmenter
tube acoustical enclosure versus the demountable sound suppressor where Fleet

operating information is available.

Although the acoustical enclosure has a noise reduction advantage of 5 dBA

over a demountable sound suppressor, for purposes of cost effectiveness ex-

1
51
"

position, we make the assumption that the sound abatement effectiveness is
equivalent in order to find the minimum cost case. A primary benefit of the
acoustical enclosure is its ability to accommodate many aircraft types. The

Tew” 4T L

sound suppressor, conversely, is unique (one application) for each aircraft
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Benefits of Acoustical Enclosure

Table 4~-4. Dry suppressor compendium of benefits.

Peculiar Benefits of Mobile Suppressors

Meets OSHA acceptable noise levels

Multiple~aircraft application

High usage rate

Increase in operational safety

Improved acoustical performance

More efficient siting

Improved environment for operating personnel

Can test at nighttime

Disbenefit from compressor stall (ear/fire hazard and hazard
to acoustical enclosure)

Benefits of Dry Vs. Wet Suppressors

Opacity law (no law re moveable devices - just pertains to
permanent installations)
Procurement Aircraft and Missile~-Navy funding through NAVAIR
= "Things move faster"
- MILCON cycle is on order of five years

e Maintainability
® Availability
® Supportability
® Readiness
® Wet causeg mist which causes fog and icing (runway)
- Fog--occasional runway closing
- Icing=--occasional runway closing
e Eliminate nzo, scrubbers and utility (energy) costs
General
® Noise abatement
e Complaint abatement
® Potential efficiencies in use of:
- Manpower
- Alrcraft (availability)
- Pipeline inventories
- Land usage
e Spillover effect
- Local economy
- Opportunity cos 3
e Energy Saving - oil for utility
e BEmissions
e Safety - compressor stalls
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design. Another important benefit of the acoustical enclosure is its rela-
tively long economical life (20 years) when compared to demountable sound sup-
pressors, which have typical economical lives of 6 years. This study combines
these two considerations in an exchange rate analysis which is depicted in
table 4~5. Uniform annual cost is used as a common comparator. This table
assumes that an acoustical enclosure is built which can house any aircraft at
the facility. The table then provides the decision point for building
individual aircraft demountable noise suppressors or one acoustical enclosure.
For example, if the naval facility were to obtain the largest acoustical
enclosure (type la — which will house any Navy fighter or attack aircraft) to
accommodate the aircraft present, the naval facility would incur a uniform
annual cost of $387000. Since each aircraft type tested at the facility would
require a unique demountable suppressor with a uniform annual cost of

$195000, then once we have at least two types of aircraft to be tested, it is

cost effective to build the acoustical enclosure.
I. COST SENSITIVITY ANALYSIS

Cost sensitivity analysis can be conducted in either a deterministic or a
probabilistic manner. 1In the deterministic approach one would vary a key var-
iable or cost element and determine the net effect on the outcome. Cost esti-
mating relationships developed from the acoustic enclosure data set are shown
in table 4-6. Independent variables include volume, square footage, etc. By
varying these or other key cost issues one can parametrically determine cost
variations or sensitivities to changes in design assumptions. Another, more
involved approach is that of cost/risk or uncertainty analysis. We have il-
lustrated this method by applying it to the acoustical enclosure.

Uncertainty analysis consists of three major tasks: (1) collection of
data regarding possible cost variations for system components, (2) combination
of the camponent uncertainties to estimate the uncertainty regarding the total
cost variable, and (3) providing management with the increased information and
statistical inferences made possible by the analysis. The data collection, of
course, is the basis for the entire analysis and its results are crucial. The
combination of cost component uncertainties as shown here is analytical in

nature. The types of inference made possible by the analysis include the
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Table 4-5. Acoustical enclosure vs equivalent suppressors.

SS Type 6-Year Life 10~-Year Life
Investment 290 465 700 290 465 700
AE Uniform
Type Annual Cost (158)* (195) {244) (139) {166) {202)
la
(387)* 2.5 2.0 1.6 2.8 2.3 1.9
1b
(348) 2.2 1.8 1.4 2.5 2.1 1.7
2
(380) 2.4 1.9 1.5 2.7 2.3 1.9
3
(326) 2.1 1.7 1.3 2.1 2.0 1.6
4a
(312) 2.0 1.6 1.3 2.2 1.9 1.5
4b
(300) 1.9 1.5 1.2 2.2 1.8 1.5
4c
(285) 1.8 1.5 1.2 2.0 1.7 1.4
5
(245) 1.6 1.26 1.0 1.8 1.5 1.2

AE - Acoustical Enclosure
SS - Sound Suppressor
* (value) - Uniform Annual

Cost in Thousands

Equivalent _ AE Uniform Annual Cost
Suppressors S§S Uniform Annual Cost

Key

AE TYPE AIRCRAFT HANDLING ABILITY

1a AS,F14,A6,F4,F8,AVE,A7,T2,Ad
1 A5,A6,F4,F8,AVS,A7,T2,A4

2 F14,A6,F4,F8,AV8,A7,T2,Ad

3 a6,F4,F8,AV8,A7,T2,Ad

4a F4,F8,AVS8,A7,T2,Ad

4b ¥8,A7,T2,Ad

4c A7,T2,R4

5 a4
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probability of final cost being at or below the final estimate, the
probability of an overrun, and the slope of the cost curve on either side of
the estimated cost.

The analyst develops the work breakdown structure and collects or makes
the estimates for the data inputs. A computer program (ref 24) developed by
OP96D "sums” the WBS element probability distribution inputs into a total
program cost probability distribution. The analyst or program decision-
maker interprets the output by making probability statements concerning the

total program cost and analyzes these results.

To illustrate the use of this analytical tool, casdgsﬁere run on the

camputer program developed in reference 24. The case illustrated is the NAS,
Miramar Acoustical Enclosure Life Cycle Cost.

Four data inputs at each of the sub-element level of the facility work
breakdown structure are the most likely (mode) cost estimate, the lowest and
the highest cost estimates, and the uncertainty coefficient. The uncertainty
coefficient takes a value from 0 to 1.0; the higher the value, the higher the
uncertainty. The inputs are the analysts' objective probability estimates
obtained from discussion with engineers, systems analysts, manufacturers, and

program personnel, as well as from examination of related data.

The data inputs for the NAS, Miramar acoustical enclosure life cycle cost
are shown in table 4-7. These were obtained by examining the actual schedule
of prices for the acoustical enclosure built at NAS, Miramar as well as the
estimate for the second facility at Miramar, which was prepared by Naval
Facilities Engineering Command, Southern Division personnel, along with

architectural and engineering consultants.

24 Chief of Naval Operations, An Application of Subjective Probabilities to

the Problem of Uncertainty in Cost Analysis, Resource Analysis Group, System
Analysis Division, H.R. Jordan and M.R. Klein

l60




A S A D e AN i LMLt etk i e et e S i A O N P
Al

g e T
)R AR

Table 4-7. Cost uncertainty input data for NAS, Miramar acoustical
enclosure life cycle cost (single enclosure case).

—rre

. av

E‘ FY78 $ 000's
" Work Breakdown Variable Cost Estimate Uncertainty
Structure Element Number Low Median High Coefficient
Earthwork 1 86 93 135 .3
y Concrete Work 2 11 170 176 .6
. Masonry 3 7 10 14 7
_ Metals 4 17 25 56 .8
g Carpentry 5 .5 1 1.5 1
5 Moisture Protection 6 5 2 14 9
Doors, windows, glass 7 18 25 59 .8
Finishes 8 2 14 16 .9
Bldg panel system 9 380 400 477 .5
Augmenter 10 342 380 386 -4
Ramp deflector 1" 49 60 81 .7
Retaining walls, 12 15 20 27 7
Acoustic panels
Acoustic intake door 13 312 400 432 .5
Nose gear elevator 14 20 25 26 1
Platform
Winches 15 12 12.5 13 .1
Plumbing 16 37 50 59 .3
Heating 17 8 14 21 o7
Compressed air system 18 9 20 67 .9 4
: Fire protection 19 36 75 90 .7 }
Rlectrical 20 62 145 197 .6 )
} Design 21 100 140 160 .3 ;
: Utilities 22 140 150 160 R 1
: Routine maintenance 23 180 200 225 1 i
i Special maintenance 24 500 720 1400 .6
: Personnel 25 1500 | 1700 1800 . 1
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1.0 ﬂf
0.9 /
[
PROBABILITY THAT /
0.8 COST WILL BE LESS /
THAN STATED VALUE*\V 90% CONFIDENCE INTERVAL
0.7 4.72 - 5.35
MEAN 4.96
MODE 4.88
0.6 VARIANCE 30.2
STD DEV .17
0.5
0.4
0.3 y
| ___1L-FREQUENCY DISTRIBUTION
0.
0.1 \\
0 e

45 45 46 4.7 A8

49 60 51 52 563

COST (MILLIONS FY 78 $)

54 55 5.6

Figure 4-1. Cost uncertainty analysis — acoustical enclosure life cycle cost.
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The results of this computer run are shown in figure 4-1 in which life

TSI

cycle cost is depicted as a probability function. Reference 23 provides a ]

DA

more detailed treatment of the method. )

x>
e

The Coanda alternative to the augmenter requires further economic/design

tradeoffs since the current Coanda data base (both cost and design perfor-

St L abmh et
Ly L

mance) does not support a clear cut decision between these options. Prelimi-

nary uncertainty analysis of the Coanda cost was conducted in reference 23.

M - S

The results of this are shown in figure 4-2. Additional study is required to
update this type of analysis to determine the cost/benefit of the Coanda

Mt ol

~ vis-a-vis the augmenter tube approach to sound suppression. j

Je RECOMMENDATIONS

¥ PGS

Three major technologies are available for in-airframe and out-of-

airframe jet engine testing: the air-cooled augmenter tube, air-cooled

nth

Coanda/refraction and the water-cooled suppressor. Recommendations are

grouped into three areas: in-frame, out-of-frame, and material tradeoffs.

1. In-Frame Testing. For in-frame testing, Fleet operating data only

exist for the dry augmenter tube acoustical enclosure and the water-cooled

suppressor. As shown in table 4-5, the dry augmenter tube acoustical enclo-

Ao e A

sure, which can accommodate varjous aircraft types, is more cost beneficial
than the one aircraft design of the wet suppressor. If there are at least 4
three different aircraft types at a facility, it is more cost effective to
build one acoustical enclosure than three sound suppressors. If there are at ]
least two different aircraft types at a facility, it is 60% possible that the

acoustical enclosure is still cost effective.

2. Out-of-Frame Testing. For out-of-frame testing, Fleet operating data

exist only for the water-cooled test cells. On the basis of probable

construction and energy costs for test cells using the dry augmenter tube, the
dry Coanda, or the wet suppressor, the Coanda may be the most cost effective
design. This must still be verified by actual Fleet operating data.

]
:
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-0 T 1
PROBABILITY THAT
0.9 }— COST WILL BE LESS
THAN STATED VALUE J 90% CONFIDENCE INTERVAL
0.8 434 — 471
MEAN 450
MODE 447
0.7 VARIANCE 74.9
/ STD DEV 8.7
0.6 /
0.5
04
0.3 \
X‘/,— FREQUENCY DISTRIBUTION
0.2
\
0.1 \
//’/ N
0
400 410 420 430 440 <50 460 470 480 490 500 510 520

COST (THOUSANDS FY 78 $)

Figure 4-2. Cost uncertainty analysis — Coanada/refraction modification.
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3. Material Tradeoff Studies. For ali three technologies, the tradeoffs

for various construction materials; especially acoustic liner material, should
be performed. Specific examples include: use of less expensive (less than
321 S.S.) metals (low temperature) which have shorter life cycles, use of more
expensive (more than 321 S.S.) metals with longer life cycles, use of
combinations of metals depending on the expected heat exposure at various
locations in the suppressor and use of shorter augmenter tube lengths with
various acoustic treatments which have more attenuation. These efforts would

provide technical data for more cost effective design decisions.
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(SPECIFIC HEAT RATIO = 1.4)
169

B L I, A N LA U N S

L A - o e e it

.
4
‘4
]
y

d

A A WRFAPRIPRIAIE S S LY ST T B & SIS P 4




4
[}

‘et -ini
S

v T v v
w:

T &

0.000
001
0002
0.003
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0.0:6
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0.020
0.021
0.022
0.023
0.024
0.025
0.026
0.027
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0.041
0.042
0.043
0.044
0.045
0.046
0.047
0.048
0.049

Me
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0.80119
0.00219
0.00329
0.00438
0.00548
0.00657
0.00767
0.00876
0.00986

0.01095
0.0120%
0.01315
0.01424
0.01534
0.01643
0.01753
0.01862
0.01972
0.02081

0.02191
0.02300
0.02410
0.02519
0.02629
0.02738
0.02848
0.02957
0.03067
0.03177

0.03286
0.03396
0.03505
0.03615
0.03724
0.03834
0.03843
0.04053
0.04162
0.04272

0.04381
0.04491
0.04600
0.04710
0.04819
0.04929
0.05038
0.05147
0.05257
0.05366

A

A.

000 8008

§70.70380
209.36180
192.90170
144.07720
115.74230
98.45256
12.87432
72.34065
64.30336

§7.87367
52.61319
408.22945
44.52013
41.34082
38.58542
36.17445
34.04723
32.15636
30.46461

28.94205
21.56456
26.31230
25.16093
24.12093
23.15681
22.26680
21.44278
20.67767
19.96533

19.30049
18.67859
18.09555
12.54791
17.03247
16.54649
16.08755
15.85348
15.24220
14.85206

14.40146
14,1284
13.79321
13.47313
13.16763
12.87568
12.59646
12.32916
12.07299
11.82728

0.999723
0.999693
0.999663
0.999633
0.999600
0.999563
0.999530
0.995493
0.99945)
0.999413

0.999373
0.989330
0.999286
0.999240
0.999193
0.899146
0.999097
0.999043
0.998993
0.998840

0.988003
0.998826
0.998769
0.988709
0.998647
0.998587
0.998523
0.998456
0.9983%0
0.998323

1.000000
1.000000
1.000000
0.998998
0.99989)
0.9998089
0.999384
0.999976
0.999969
0998982

0.999952
0.999941
0.999928
0.999917
0.999903
0.999888
0.999874
0.999857
0.999641
0.999822

0.999803
0.999781
0.999760
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0.97403%
0.973812
0.973588
0.973364
0973139
0.97294
0.972687
0.972460
o872
0.972002

0.971773
0.971541
0.971310
0.971076
0.970843
0.970608
8.970372
0.970137
0.969859
0.968662
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0.992084
0.991885
0.991805
0.091826
0.991746
0.991685
0.991585
0.991503
0.991422
0.991340

0.991257
0.991175
0.991092
0.991008
0.990924
0.990840
0.990755
0.990670
0.990585
0.990499

0.990413
9.990327
0.930240
0.990153
0.9%0065
0.509977
s.980088
0.989000
e.988711
0.988821

0.909512
0.589441
0.989350
0.989259
0.089162
0.989078
6.980904
0.988891
0.988793
0.988705

0.980612
0.988518
0.888423
0.908328
0.988233
0.988138
0.988042
0.887046
0.98784%
0.987752

Wt

0.170428
s.100282
0.181136
8181988
0.182840
0.1830%2
0.184542
0.185393
0.168242
0.187091

0.187940
0.180707
0.109634
0.190481
0.191328
0.1921
0.193016
0.193860
0.194702
0.195545

0.196386
0.187228
0.198068
0.198008
0.199748
0.200685
0.201422
0.202259
0.203005
0.203330

0.204785
0.205599
0.2086413
0.20728%
0.203087
0.20892¢8
0.209758
0.210588
0.211417
0.212245

0.213073
0.213399
0.214728
0.215551
0.216378
0.217199
0.218022
0.21884%
0.219666
0.220497

A f o e a m - m = -

Ws

0184601
0.185431
0.188381
8.187201
e.188222
0.199152
0.190082
0.191013
0.131944
0.192874

0.193805
0.194736
0.195687
0.198599
0.197530
0.198461
0.189393
0.200325
0.201257
6.202188

0.203121
0.204C5
0.2049085
0.205817
.200350
0.267783
6.208715
0.209842
.210581
0.211615

0.212448
8.21330
0.214315
0.215249
0218182
s.21711¢
0.218050
0.218985
0.219919
0.220853

.221788
g.22213
0.223657
0.224592
0.225528
0.226483
0.227398
0.220334
0.229269
9.230205
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NOISE SUPPRESSOR MODELS
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The design data presented in the text of this document were based in
large part on scale-model testing. In order to provide access to these models
during future efforts, this appendix presents the location of the models at
the time of this writing, a description of model capability, and at least one
Navy activity with knowledge of the model.

AUGMENTER TUBE TECHNOLOGY MODELS

1/15 Scale NAS Miramar - located at Fluidyne Engineering Corporation

This model hardware was built to scale the initial NAS, Miramar full-
scale acoustic enclosure. The model hardware consisted of the forward
enclosure, augmenter tube, and exhaust stack. The model hardware is useful

for ocold (500°R) to hot (3300°R) flow tests.
NAVFAC (0452) is a cognizant Navy contact

1/15 Scale Augmenter Tube Sections - located at NOSC, San Diego

This model hardwzre was built of metal and consisted of various round and
obround augmenter tube sections as well as exhaust stack extensions and turn-
ing vane hardware. These augmenter tube sections are useful for testing of
alternate temperature/pressure response, alternate acoustic response, and
alternate pumping ratio response. The model is useful for cold (500°R) to hot
(3300°R) flow tests.

NOSC 5134 is a cognizant Navy Contact

1/15 Scale NAS Patuxent River Hush House - located at Fluidyne Engineering

Corporation

This model hardware was constructed of wood and plexiglass to evaluate
the flow conditions of the secondary inlet configuration of the NAS, Patuxent
River Hush House design.
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b The model hardware is designed for cold flow (500°R) evaluations. These

1 are useful for aerodynamic evaluations but not acoustic evaluations. ;
b

b, NAVFAC 0452 is a cognizant Navy contact

! 1/15 Scale Plexiglass of NAS, Miramar - located at Fluidyne Engineering :

Corporation ‘

: This model hardware was constructed of Plexiglass to evaluate methods for
B reducing visible emissions. This model is designed for cold flow (500°R)

evaluations.

NAVFAC 0452 is a cognizant Navy contact

- COANDA/REFRACTION TECHNOLOGY MODELS

1/6 Scale Model - Demountable - located at NAEC, Lakehurst, New Jersey

" Ll

This model hardware was built of metal and consists of a single engine

ejector system, Coanda turning system, the exhaust plenum enclosure, and a 9

]

forward enclosure. The model is capable of cold (500°R) and hot (3300°R) flow h
testing. There are stack extension sections, as well as pressure and

! temperature taps available. p

e

NAEC 92724 is a cognizant Navy contact

e 1/6 Scale Model-C-Cell ~ located at NAEC, Lakehurst, New Jersey

This model hardware was built of metal and consists of a single engine

ejector system, Coanda turning system, and exhaust plenum enclosure. The

model is capable of cold (500°R) and hot (3300°R) flow testing. There are

stack extensions, as well as pressure and temperature taps available.

TTTTY W
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; NAEC 92724 is cognizant Navy Contact 3
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1/20 Scale Plexiglass - located at NAEC, lLakehurst, New Jersey 1

This model hardware consists of metal ejector and turning surfaces with
plexiglass forward (demountable) enclosure and plexiglass exhaust plenum. The
model is capable of cold (500°R) flow testing. The plexiglass allows

observation of flow conditions.

NAEC 92724 is a cognizant Navy contact

Full-Scale Demonstration Unit

s The only remaining section of the demonstration unit is the IRIS assembly
which is used at NARF, Jacksonville, Florida. This unit is the adjustable
inlet to the Coanda ejector system. The unit is being used on a conventional

P

C-cell at this time.

The remainder of the demonstration umit hardware has been scrapped.

NAEC 92724 is cognizant Navy contact <

STANDARD WET TEST CELL

1/8 Scale C-Cell - located at the Naval Postgraduate School, Monterey,
California

This model hardware is built of metal with plexiglass view ports. The

model consists of the ram-jet burner, forward enclosure, conventional wet cell
augmenter, and conventional demountable exhaust stack. The model can

accommodate (cold (500°R) and hot (2100°R) flow testing.

-
i
!
J
1
:
1

T

Dr Dave Netzer or NAPC PE: AFK:71 are cognizant Navy contacts.
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;' DEFINITION OF AUGMENTER TUBE TECHNOLOGY AERODYNAMIC/
;-‘- THERMODYNAMIC SYMBOLS
] A Area
A* Choked throat area (M = 1.0)
AA Augmenter cross-sectional area
AAM Primary burner air meter th+roat area
: AD Subsonic diffuser exit area
p
1 A NT Jet nozzle throat area
:. ‘
b APM Pilot burner air meter throat area
X
b
! ASH Secondary air meter throat area
A/R Aspect ratio of augmenter cross section
ARP Augmentation ratio parameter
! D Diameter
) D, Augmenter cross-sectional diameter
g
. DAM Effective diameter of obround augmenter =
| DN Jet nozzle exit diameter
!
X
; DNT Jet nozzle throat diameter
-
v L Length
]
¢
- LA Augmenter length

JaA /m
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air

DEFINITION OF AUGMENTER TUBE TECHMOLOGY AERRODYNAMIC/

Subsonic diffuser length

THERMODYMAMIC SYMBOLS (Continued)

Molecular weight

Molecular weight of air

Jet exhaust molecular weight

Absolute pressure

(PA) Static pressure outside of Rush House

(BARO) Local bgrmtric pressure during model tests

(PSEC) Burner enclosure interior pressure during model tests
corresponding to Hush House interior pressure

(PAMB) Exhaust enclosure pressure during model tests
corresponding to Hush House outside ambient pressure

Hush House air inlet static pressure
Hush House interior static pressure
Jet nozzle base pressure

Jet nozzle base pressure parameter
Pressure parameter

Augmenter shell static pressure
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R
y DEFINITION OF AUGMENTER TUBE TRCHNOLOGY AERODYNAMIC/
3 THERMODYNAMIC SYMBOLS (Continued)
. ’su (PSSM) Secondary air meter throat static pressure . ‘
b .
3
} P wall Augmenter wall static pressure )
L Total pressure (absolute pressure)
; !
’ P,r (PTAM) Primary burner air meter total pressure
AM S
P’r Augmenter plus ramp or augmenter plus diffuser exit
exit total pressure (usually equal to P a-bi.ent)
; P Hush House interior flow total pressure
Te1ow
¥
'-; Py (PTN) Jet nozzle inlet total pressure
i N
P, (PTPM) Pilot burner air meter inlet total pressure
™
1
¥
P,r Ramp exit total pressure
ramp
§
¢ Py (PSEC) Secondary (pumped) air flow total pressure
sec
: P'l.' (PTSM) Secondary air meter inlet total pressure
: M
1
¢
r Radius
{
} T or Jet nosgle throat radius
R
, T Absolute temperature
:
I3
' '
182
B R T T T N W RN 2 el T 7

.
A ) " . 4
Al PR AR IR * gty |




- RN T I IRNTIT I . e @ il o MW N 7 BT A5 A B B B 8 2 0 Bk W Pl R on DN B vl 2 L LR
DEFPINITION OF AUGMENTER TUBE TECHMOLOGY ARRODYNANIC/
THERMODYNAMIC SYMBOLS (Continued)
T amb Hush House external ambient temperature
Tag (TAMB) Burner enclosure air temperature during modsl tssts
corresponding to Hush House external ambient temperature
; .
§ 'rn . Exhaust enclosure air temperature during model tests )
§ (used in the analysis of acoustical data)
rm Average mixed temperature of jit and pumped flows
? Taix Average mixed temperaturs parammeter
g P
% .
; 'rn_p Ramp surface temperature
¢
4 'r'.n Augmenter val'l temperature
]
Toall Augmenter wall temperature parameter
P
: T, Total temperature
! Ty (TTAM) Primary burner air meter inlet total temperature
ﬁ M
'l'.t' {TT™M) Jet nozzle total mp.nﬁuro
'r,r Pilot burner air meter inlet total temperature
™
Ty (TTSM) Secondary air meter inlet total temperature velocity g
M : ’
j
3
y
v Velocity N
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DEFINITION OF Am TUBE TECHNOLOGY ARRODYMAMIC/
THERNODYNAMIC SYMBOLS (Cortinued)

Average Velocity

Tdeal jet velocity expanded from P, to P,
"

Average mixed velocity in augmenter

Maximun measursd core velocity some distance from jet nozzle
exit

Mass flow rate
Aircraft engine axhaust mass flow rate

Sum of pti.-u'y and pilot air meter mass flow rates
during model tests

Fuel mass flow rate during model tests
Total Hush House inlet mass flow rate

(W) Jet noszle mass flow rate from model tests
corresponding to aircraft engine exhaust mass flow rate

(w8) Secondary (pumped) air mass flow rate

Axial location

Axial location in augmenter
Axial distance between jet noszzle exit and augmenter entrance

Lateral distance from jet noszzle centerline at nozzle exit
to nearest augasnter wall

Lateral distance from augmenter center to augmenter wall

Y - Ty
Yorr “wr

Nozzle centerline lateral position parameter =

164
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DEFINITION OF AUGMENTER TUBE TBCHNOLOGY ARRODYMAMIC/

TEEMICDYNANIC SYMBOLS (Continued)

Vertical distance from jet noszsle centerline at noszle
exit to nearest augmenter wall

Vertical distanocs from augmenter center to augmenter wall
zZ - tl!'
Nossle centerline vertical position parameter = .
CTR m?
Angle
Angle of lateral (sidewise) jet deflection
Angle of vertical jet deflection

Jet noszle pressure ratio
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DEFINITION OF AUGMENTER TUBE TECHMOLOGY
ACOUSTIC SYMBOLS
Sound absorption coefficient

Wavelength

Density of jet exhaust gas at exit plane
Density of ambient temperature air

Boundary layer thickness
A-weighted sound level

Directivity correction in 4B for sound propagation
parallel to the ground

Fregquency of sound

Full-scale frequency

Model-scale frequency

Prequency at which a spectrum of sound power level peaks
Hertsg, unit of frequency

No-flow attenuation of lined augmenter measured
with loudspeaker excitation

Total attenuation of jet noise by the lined augmenter, 4B

Jet nosszle pressure ratio
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DEFINITION OF AUGHMENTER TUBE TECHWOLOGY AEBRODYMAMIC/
THERMCOYMANIC SYMBOLS (Continued)

n Bcale factor (full scale dimension/modsl-scale dimension)

Directivity angle: 0° in downstream direction along centerline
of exhaust stack

L 4

Woise reduction for sound propagating from ome room
into an adjacent room, 4B

Sound power level, 4B rei0 ' watt

3
L

Attenuated sound power léevel of the jet

Unattenuated sound power level of the free jet

"
g

Sound power level of a full-scale jet

Measured sound power level of a model jet

ottt o Sl 3 I 5 I e ot

Hormalized sound power level of a full-scale jet

Normalized sound power level of a model jet

} i

moutl ot Sound power level exiting from downstremm end of
augmenter (with ramp)
mm Sound power level of self-generated noise of augmenter
(ie, noise generated by flow of air; not primary jet noise)
APWL Measured difference between total free jet sound power
level mt ree and sound power level at the augmenter exit
Ploutiet’ s
187
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AWL

APWL

APWL

APWL

APWL

APWL

APWL

DEPINITION OF AUGHENTER TUBE TECHNOLOGY AERODYNAMIC/

THERMODYNAMIC SYMBOLS (Continued)

Baseline PWL in dB for the condition s'-c in;

nogzle at F-14 position (Y =0.45); 72-in. BBN lined
obround augmenter with unod a5° exit ramp; effective
obround augmenter diameter of 12 in; T r-szo,

2300, and 3300°R; and -ru-z and 3. N

Shift of sound power level spectrua

Correction to APWL in 4B for length of lined augmenter
different from 72 in (model-scale)

Correction to APWL in 4B for effective diameter of
obround augmenter different from 12 in (model-scale)

Correction to APWL in dB for center position of jet nozzle

Correction to APWL in 4B for radial or lateral position of the
nozzle different from the F-14 position (!p-o.As, or
model-scale noszle 3.6 in right of the centerline)

Correction to APWL in 4B for angular aligmments
Distance from augmenter exit, ft

tnn
Strouhal number = T
)

£
Peak Strouhal number = -%-D-!
3

Sound pressure level, 4B re 0.0002 Cym/az

Room-average SPL

D A
-------
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DEFINITION OF AUGMENTER TUBE TECHNOLOGY ARRODYNAMIC/
THERMODYNAMIC SYMBOLS (Continued)

8L’ Room~average SPL produced by the reference sound source :
‘l‘,r. Total jet nozzle temperature in degrees Rankine }
|
Teo Reverberation time; time in seconds for SPL in a room to
decay 60 aB
U.“ Bffective ramp flow velocity
t)j Jet exit velocity
v Velocity
vo Arbitrary reference velocity
vu Velocity of flow from augmenter exit
vni.x max Maximum velocity of mixed jet flow at exit
vj Jet velocity
Vol Room volume, n3
w Acoustic power, watts
'M ‘ Acoustic power of attenuated jet noise at augmenter exit
Yexn Acoustic power at augmenter exit = "u + wsu

ll-. Acoustic power of self-generated noise at augmenter exit
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l!m

Cellroom cross-sectional area

ljocm exit area

Engine exhaust nogzle area

Primary air inlet axea

ljoct_:or exit upocé ratio

Exhaust stack exit area

Secondary air ‘:I.nlet floy area

Occupied flow area at engine inlet

Occupied flow area at gngin§ exhaust
Defined quantity "fo: cubic equation solution
Defined quantity for cubic quti;n solution

Rjector exit hoight

Ejector dismeter

Coanda entraimment ratio

Qravitational oconstant’

Channel height between acoustic panels
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DEFINITION OF COANDA/REFPRACTION TECHNOLOGY SYMBOLS (Continued)

Sudden expansion cavity height
Ejector ‘exit width

Sudden expansion loss coefficient
Acoustic panel length

First-stage ejector length
Second-stage ejector length

Third stage-ejector length
BExhaust stack length

Mach number at acoustic panel exit
Inlet Mach number

EBjector exit Mach number (also Mach number incident to
Coanda surface)

Engine exhaust Mach number

Cellroom Mach number at engine inlet
Cellroom Mach number at engine exit
Ambient pressure

Static pressure at acoustic panel exit
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DEFINITION OF COANDA/REFRACTION TECHNOLOGY SYMBOLS (Continued)

Pn Ejector exit static pressure
Pp Engine exhaust static pressure :
Ptc Total pressure inside enclosure
Pte Total pressure at acoustic panel exit |
|
Pt i Inlet total pressure
Ptp Engine exhaust total pressure ’
" Px External engine static pressure at inlet
.‘ Py External engine static pressure at exit
:! P Defined quantity for cubic equation solution
o
- q Defined quantity for cubic equation solution
N {
. R Ejector pumping ratio
. R1 First-stage ejector equivalent radius
Rz Second-gtage ejector equivalent radius
l?.3 Third-stage ejector equivalent radius
‘ Ra Gas constant for air
Rm Ejector radius
) R Coanda surface radius
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DEFPINITION OF COANDA/REFRACTION TECHNOLOGY SYMBOLS (Continued)

Engine exhaust nozzle radius

Defined quantity for cubic equation solution
Exhaust stack width

Ambient temperature

Ejector exit static pressure

Exit temperature

Ejector exit total temperature

Engine exhaust total temperature

Cellroom velocity

Primary air inlet velocity

Exhaust stack exit velocity

Secondary air inlet velocity

First-stage ejector entrained flow
sécondjotaga ejector entrained flow
Third-stage ejector entrained flow
Secondary flow entrained by Coanda surface

Bjector exit weight flow
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: DEFINITION OF COANDA/REFRACTION TECHNOLOGY SYMBOLS (Continued)
i
. wp Engine exhaust weight flow
w pi Primary air inlet weight flow
w' Entrained air weight flow
$
) v, Total Coanda exit flow
N
. w' i Secondary air inlet weight flow
X Defined quantity for cubic equation solution
X
i) XLE Ejector length
¢
i ) Angle used in cubic equation solution
3
. eo Coanda turn angle
]
} n Ejector pumping efficiency
Y Ratio of specific heats
4
Z
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